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Abstract 
Abstract 
This thesis describes an investigation into routes for the solubilisation ofNafion® 
membrane. Nafion® membrane in the protonated, lithium, sodium and potassium 
cation forms has been dissolved at high temperature and pressure in an autoclave. 
Solvent blends of water and either methanol, ethanol, I-propanol or I-butanol 
were used and solution concentrations of up to 15 wt% were achieved. The effect 
of temperature and time at temperature have been investigated for this autoclave 
method. 
Solutions made in this way have been concentrated by solvent evaporation to 
yield solutions of about 30 wt% Nafion®. A promising method to dissolve 
Nafion® in a microwave acid digestion bomb in water / alcohol blends has also 
been developed. Reflux dissolution has also been used to produce Nafion® 
solutions. 
Swelling experiments have been undertaken to help establish optimum solvent 
blends for the solubilisation process. A solubility parameter is proposed from a 
swelling study and is further investigated by a new procedure involving contact 
angle measurements. 
The properties of films cast from resulting Nafion® solutions and the melt flow 
properties of Nafion® powders in the protonated and tetrabutylammonium cation 
forms are also reported. 
The technological target of this work was to establish the ideal route for the 
dissolution of Nafion® membrane and the optimisation of high concentration 
solutions, which has been achieved. 
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Chapter 1.0 - Introduction 
1.0 Introduction 
Despite the fact that Nation perfluorosulfonated ionomers (PFSIs) have been 
available for a long time, they are still relatively expensive. When bought from a 
chemical supplier in small quantities Nation ® (in the rest of this thesis where 
Nation is written, it is acknowledged that it is a registered trade mark of E. I. Du 
Pont de Nemours and company) 117 membrane (1100 equivalent weight and 7 
thousandths of an inch thick) costs approximately £2500 m-2 and a 5 wt% Nafion 
1100 equivalent weight solution costs £1300 dm-3• This high price was one ofthe 
main motivations for the dissolution ofPFSls. 
The main technological targets of this project are to be able to recycle Nafion off-
cuts and membranes used in a Regenesys cell by dissolution and to be able to 
make high concentration Nation solutions for ease of storage and shipping. 
1.1 Perfluorinafed Ionomers 
Polymeric membranes have been known for a long time!. In the past, their design 
meant that they were of low strength and high electrical resistance. Because 
of this, until recently, this field was little researched. Recent advances have 
greatly improved the properties of polymer membranes, and they are now widely 
used2. 
There are many different types of these membranes1, some allow electrolyte 
solution to pass through micropores (such as separators in batteries)l, others 
allow only the transport of water (semi-permeable membranesi and some allow 
the preferential transport across the membrane of some ions over others (known 
as permselective membranes)2. 
I 
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The term "ionomer" was originally introduced by E. 1. Du Pont de Nemours and 
company for salts of copolymers of olefins with small amounts of monomers 
containing carboxyl groups. "Ionomer" is now used as a generic term for 
polymers that contain pendant acid groups (these acid groups could be 
neutralised to any degree) and which exhibit typical ionomer properties. 
Perfluorinated ionomer membranes were first developed and manufactured by 
Du Pont, with the trade name Nafion, in 1962. There are two main types of 
perfluorinated ionomer, perfluorocarboxylated and perfluorosulfonated ionomer 
(PFSI). The molecular structure of each consists of a backbone similar to 
polytetrafluoroethylene (PTFE) with fluorinated side chains consisting of two 
ether linkages and terminating with a carboxylate or sulfonate anion. 
Since the initial discovery by Du Pont, various other companies have developed 
their own perfluorinated ionomer membranes, some of which are shown below in 
figures 1.1.1-1.1.41. The equivalent weight of the perfluorinated ionomers is 
determined by the values ofn, p and q in figures 1.1.1-1.1.4. For example 1100 
ew Nafion has a value of n of 12 - 13. The molecular weight of the polymer is 
determined by the values of z and x. 
Figure 1.1.1: Du Pont's Nation 
2 
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Figure 1.1.3: Asahi Chemical's Aciplex 
ff CF2 \CF2 \ JX ' CF-1n 'CF-1; 
2 I 
0, ......... CF2 
CF 'SO H 2 3 
Figure 1.1.4: Dow's Perfluorosulfonated Ionomer 
Their properties include permselectivity, an extremely high propensity for being 
chemically and thermally inert except at the acid sites, conductivity, high 
mechanical strength and ion exchange. Ion exchange will only take place in these 
membranes when they are swollen in a suitable solvent such as water. The 
carboxylate ionomer tends to have a higher ion selectivity but lower ionic 
conductivity than the sulfonate ionomer. 
3 
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Many applications for perfluorinated ionomer membranes have been reported in 
the literature including the chlor-alkali process3, solid polymer electrolyte (SPE) 
fuel cells4,5, many types of sensor6, catalysis?, corrosion resistant coatings8, 
modified electrodes9,IO,11 and for electrochemical energy storage devices such as 
RegenesysJ2. 
A typical chlor-alkali cell is shown below (figure 1.1.5). Aqueous sodium 
chloride (brine) is pumped through the anodic half of the cell and aqueous 
sodium hydroxide (caustic) is pumped through the cathodic half. When a 
potential difference is applied, sodium ions (N a +) are selectively transported 
from the brine side of the ion exchange membrane to the caustic side, with its 
accompanying hydration sphere of water molecules. 
A small amount of hydroxide ions COH), produced at the cathode, are 
transported in the reverse direction due to transport inefficiencies of the 
membrane. The result of the process is that concentrated sodium hydroxide 
solution is produced in the cathode chamber while hydrogen gas is produced at 
the cathode and chlorine gas is produced at the anode. 
The membrane used in typical chlor-alkali cells tends to be a composite of 
perfluorocarboxylated and perfluorosulfonated ionomers (in the sodium cation 
form) to optimise their selective and conductive properties. 
4 
Chapter 1.0 -Introduction 
Wet chlorine gas 
.----" t 
Wet hydrogen gas 
t ''------, L J 
Depleted brine - Product caustic 
Anode Cathode 
,." 
.---- - "'; -OH 
. 
. , . 
Feed brine l'----,./<---_-'-+....:...~_ 
AnOdec~ber Membrane 
Feed caustic 
Cathode chamber 
Figure 1.1.5: A Typical Chlor-Alkali Cell 
A typical SPE fuel cell is shown below (figure 1.1.6). Gaseous hydrogen (H2) is 
pumped through the anodic half cell and gaseous oxygen (02) or air is pumped 
through the cathodic half cell. These gases pass through the porous carbon 
electrodes in their respective half cells. 
When a load is applied, the hydrogen gas at the interface between the membrane 
and the anode is ionised, producing a current, and the hydrogen ions (H+) pass 
through the protonated membrane to the interface between the membrane and the 
cathode. The hydrogen ions then react with the gaseous oxygen molecules to 
produce water. 
5 
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2e-
Cathode 
-I--1~"':'--I----+-Porous carbon electrode 
~ -+----+-with platinum catalyst 
Gas compartment 
L __ ..J~_..J_::t==:±===j--Solid polymer electrolyte 
Figure 1.1.6: A Typical Solid Polymer Electrolyte Fuel Cell 
Regenesys is a new energy storage technology, which offers great flexibility in 
its power and energy storage rating. The system is based on regenerative fuel cell 
technology, also known as redox flow cell technology. Regenesys works by 
converting electrical energy into chemical potential energy by charging two 
electrolyte solutions and subsequently releasing the energy on discharge. 
Most secondary, or reversible, batteries use electrodes to store the products or 
reactants via solid state reactions as well as part of the electron transfer process. 
Therefore, both energy storage capacity and power rating depend on the size and 
shape of the electrode. The best example of this type is the lead acid battery. 
Flow cells, like those based on zinc bromine13, avoid the restriction in capacity 
by storing the electrolyte in tanks outside the cell. However, the energy capacity 
is still limited by the amount of zinc that can be plated on the carbon electrode14• 
Regenerative fuel cells represent a separate class of electrochemical device. In 
this case, the cell has inert electrodes used only as a medium for electron transfer. 
These electrodes do not participate in the electrochemical process, so they do not 
limit the energy storage capacity of the cell. This means that the power is 
detennined by the electrode area and the capacity, by the storage tank size, which 
are independent. 
6 
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A regenerative fuel cell stores or releases electrical energy via a reversible 
electrochemical reaction between two electrolyte solutions. The Regenesys 
system incorporates solutions of sodium bromide and sodium polysulfide, due to 
their abundance and relatively low cost for the necessary purity. The simplified 
overall reaction for the cell is shown below: 
The solutions are circulated in two different circuits separated by a cation 
selective membrane (PFSI) as shown below (figure 1.1.7). The charged open cell 
potential is about 1.5V. 
Ion selective membrane 
Figure 1.1.7: A Single Regenerative Fuel Cell 
These cells can be linked together with the electrode shared between two cells 
such that the cathode of one cell becomes the anode of the other. This is known 
as a bipolar module (figure 1.1.8), which consists of parallel electrode plates 
spaced and held by insulating polymer frames. Many modules can be linked 
together in series to give a charged open cell potential of 1.5 X (1 + n) V where n 
is the number of bipolar electrodes. 
7 
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out 
Electrolyte in electrode 
Figure 1.1.8: A Bipolar Regenerative Fuel Cell 
1.1.1 Synthesis of Nafion2 
The production ofNafion is a co-polymerisation of a sulfonyl fluoride vinyl ether 
with tetrafluoroethylene. 
The synthesis of the sulfonyl fluoride vinyl ether is a multi-step process which 
starts with the reaction of tetrafluoroethylene with sulfur trioxide (S03) to form a 
cyclic sultone. This sultone rearranges, due to the strain on the four-membered 
ring, to produce 2,2-difluoro-2-fluorosulfonyl-ethanoyl fluoride. 
CF-CF 
I 2 I 2 rearrange -----.~ ~ 
0--8°2 
Figure 1.1.1.1: The Synthesis ofNafion 
The 2,2-difluoro-2-fluorosulfonyl-ethanoyl fluoride is then reacted with 
hexafluoropropylene epoxide to produce sulfonyl fluoride adducts. 
8 
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CF 0 
1 3 11 
F02~ /CF2{ /CF JO~ /C~ 
CF2 \0 ""'CF2 CF F 
x 1 
CF3 
Figure 1.1.1.2: The Synthesis ofNafion 
When these sulfonyl fluoride adducts are heated with sodium carbonate 
(Na2C03) a sulfonyl fluoride vinyl ether is formed. 
Figure 1.1.1.3: The Synthesis ofNafion 
This sulfonyl fluoride vinyl ether is then co-polymerised with tetrafluoroethylene 
to form "XR-resin". The XR-resin, Nafion precursor, is a high molecular weight 
polymer which is melt processable. 
9 
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Figure 1.1.1.4: The Synthesis ofNafion 
The XR-resin is extruded and passed through heated rollers to produce a 
continuous sheet of the desired width and constant thickness. The sulfonyl 
fluoride groups of the XR-resin are then converted to the sodium sulfonate form 
by immersing the film in a solution containing sodium hydroxide, 
dimethylsulfoxide (DMSO) and waterI5,16, The required cation form can then 
subsequently be made using the ion exchange properties of the polymer, 
1.1.2 Models of the Microstructure ofNajion 
An interesting and, from a practical point of view, important property ofNafion 
is that it is able to sorb large quantities of water and other solvents. It is thought 
that the energetic driving force for water to be transported into the membrane is 
the hydration of the sulfonate groups and their counter ions I7,18. 
Nafion contains two incompatible components: fluorocarbon and ionic (including 
sorbed water molecules) phases. These phases are separated to the limit that the 
covalent bonds are all that hold them together1. 
A micellular structure is proposed 19, as shown in figure 1.1.2.1, with the aqueous 
ions imbedded in the continuous fluorocarbon phase: 
10 
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4nm 
Figure 1.1.2.1: Cluster Network Model ofNafion19 
The micellular clusters are connected by a series of narrow channels which 
determine the transport properties of the ions and water. The width of these 
channels is thought to be dependent on the degree of solvent uptake2o• 
A stylized view of the micro phase separation in PFSIs can be seen below21 
(figure 1.1.2.2). 
Semicrystalline regton 
Figure 1.1.2.2: Micro Phase Separation in Nation 
11 
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Another modef2 suggests that the dry microstructure of Nation is a series of 
hoses made predominantly of the PTFE backbone, attached to which are 
uninflated balloons made predominantly of the sulfonate side chains. The model 
proposes that when the membrane is placed in water, the water is absorbed with 
the hydrophiIlicity of the sulfonate groups and therefore the formation of 
hydration shells is the energetic driving force. 
Equilibrium is assumed to be reached after a given time when the "balloons" 
have fully inflated with water. The energy of hydration is deemed to be fixed, 
therefore the balloons can only inflate to a certain size. 
A third modef3 proposes that Nation consists of three phases: a hydrophobic 
PTFE backbone; a hydrophiIlic ion exchange region; and an interstitial sorption 
region. Sorbed water was thought to be in both the hydrophillic ion exchange and 
interstitial regions. Nation is a semi crystalline polymer, i.e. it has some 
crystalline (about 5 - 10%14) and some amorphous regions. The crystalline 
regions are thought to be within the hydrophobic PTFE backbone. 
1.1.3 Glass Transition Temperature24 of PFSls 
The glass transition is a characteristic transition of all amorphous or partially 
amorphous substances. Below the glass transition temperature, the substance is in 
the solid, often brittle, glassy state. Above this temperature, substances assume a 
liquid to rubbery state. 
Low molecular weight substances such as glycerol or ethanol have low viscosity 
above the glass transition temperature; linear macromolecular substances 
(thermoplastics) are vis co elastic, i.e. if subjected to short-term mechanical stress 
they respond elastically, but exhibit plastic deformation after long-term stress. 
Thermosets and, of course elastomers become rubber-like and the chemical 
cross linking virtually precludes plastic deformation. 
12 
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At the glass transition temperature, many physical properties change abruptly e.g. 
Young's and shear modulus; specific heat; coefficient of expansion; and 
dielectric constant. These changes can be used to determine the glass transition 
temperature. 
The glass transition temperature of PFSls has been quoted as 109 - l80°C25,26, 
depending on the equivalent weight, manufacturer and water content, because the 
water acts as a plasticiser. 
13 
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1.2 General Polymer Properties 
Some general polymer properties are presented which are relevant to the 
solubilisation ofNafion. 
1.2.1 Typical Phase Behaviour in Polymer - Solvent System;7 
A phase diagram for a typical polymer - solvent system can be seen below (figure 
1.2.1.1), plotting temperature, T, vs. the fraction of polymer in the system: 
~ ............................................................. 7?' ........... ... -...... ---_ ................................ _ .... -.......................................... .. a ~ .................. -............. ::::;::;= b 
Lower Critical Solution Temperature 
T Homogeneous Solutions 
Upper Critical Solution Temperature 
~~ ....•••......... -•.•••............... ~~ 
,c..:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~ 
o Fraction Polymer I 
Figure 1.2.1.1: Phase Diagram for a Typical Polymer - Solvent System 
At low temperatures a two phase system forms. The dotted tie lines connect the 
compositions of phases in equilibrium: a dilute solution (solvent rich phase) on 
the left, a, and a swollen polymer or gel (polymer rich) phase on the right, b. 
As the temperature is increased, the compositions of these phases become more 
and more alike until at the upper critical solution temperature (VeST) they are 
identical. 
Above the VeST, homogeneous single phase solutions are formed across the 
entire composition range. The position of the phase boundary depends on the 
14 
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interaction between the solvent and polymer, and the molecular weight of the 
polymer. 
A number of systems have been found that also exhibit a lower critical solution 
temperature (LeST), so called despite the fact that it occurs at a higher 
temperature than the UCST. LCSTs are more difficult to observe experimentally 
as they are often above the boiling point of the solvents. 
1.2.2 Swelling of Network Structure~8 
A three-dimensional network polymer, such as vulcanised rubber, is incapable of 
complete dispersion in a solvent. The network may, however, absorb a large 
quantity of a suitable liquid with which it is placed in contact. Under these 
conditions, swelling occurs for the same reason that the solvent mixes with an 
equivalent linear polymer. 
The swollen gel is in fact a solution, albeit an elastic solution rather than a 
viscous solution. As the solvent spreads through the network the increasing 
volume gives an increase in the entropy of the system, expressed as the entropy 
of dilution. 
As the network is swollen, the chains between network junctions are elongated 
producing a force, akin to the elastic retractive force in rubber, which opposes the 
swelling process. As swelling proceeds, this force increases and the diluting force 
decreases until the forces are equal and opposite and eqUilibrium is thus obtained. 
Nation, although it is not a cross-linked polymer, has crystalline regions. At 
room temperature these crystalline regions join the individual polymer chains, 
forming a system analogous to a cross-linked network where the crystalline 
regions can be thought of as network junctions. 
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1.2.3 Solution Thermodynamics 
For a pure solute to dissolve in a pure solvent at constant temperature and 
pressure, the Gibbs free energy of mixing, !::.G, must be negative for the 
dissolution to be thermodynamically feasible: 
I1G=M/-TM 1.2.3-1 
where !::.H is the enthalpy of mixing and M is the entropy of mixing. 
The absolute temperature must be positive and the change in entropy is almost 
always positive for a dissolution process, therefore the -TM term in equation 
1.2.3-1 favours solubility. 
The change in enthalpy can be either positive or negative. A positive !::.H means 
that the solvent and solute are in a lower energy state as the pure materials, 
meaning that for solubility !::.H < TM. A negative !::.H means that the solution is 
the lower energy state, in this case solubility is virtually assured. 
1.2.3.1 Ideal Solutions 
From the condition for equilibrium between two simple liquid phases a 
relationship such as that for the free energy of dilution, !::.G, of a solution can be 
derived29: 
1.2.3.1-1 
where k is the Boltzman constant, T is the temperature, pO is the vapour pressure 
of the pure liquid and p is the vapour pressure in solution. 
An ideal solution, defined as one which obeys Raoult's law, is the basis for the 
treatment of solutions of simple molecules. Raoult's law states that the partial 
vapour pressure, p, of each component in the mixture is proportional to its mole 
fraction, n30• Therefore 
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1.2.3.1-2 
where N is the number of moles, subscript a refers to component a and subscript 
b refers to component b. Equation 1.2.2.1-1 becomes: 
1.2.3.1-3 
The total free energy of mixing is: 
b.G = N)lGa +Nbb.Gb = kT(Na lnna + Nb lnnb) 1.2.3.1-4 
The conditions for ideal mixing imply that the enthalpy of mixing is zero. 
Therefore the entropy of mixing, tlS, is given by: 
1.2.3.1-5 
Despite the fact that such solutions rarely behave ideally over wide ranges of 
concentration, the correlation is usually adequate to justify the adoption of the 
classically defined ideal solution as a standard for comparison. 
1.2.3.2 Other Types ojMixinl9 
Three types of deviation from Raoult's Law are distinguished: 
1. Athermal - the enthalpy of mixing is zero but the entropy of mixing is no 
longer given by equation 1.2.3.1-5. 
2. Regular - the entropy of mixing has the ideal value but the enthalpy of 
mixing is finite. 
3. Irregular - both the enthalpy of mixing and the entropy of mixing deviate 
from ideality. 
Solutions of high molecular weight polymers show large deviations from ideaIity 
except at extreme dilution. At concentrations of greater than a few percent the 
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deviation from ideality usually becomes so great that the ideal law is of little 
value as a model. An alternative relationship is therefore required28• 
1.2.3.3 The Flory-Huggins Theory28,29,31,32 
The theoretical treatment of polymer solutions was independently initiated by 
Flory31 and Huggins32 in 1942, essentially simultaneously. The Flory-Huggins 
theory is based on the lattice model, shown below (figure 1.2.3.3,1). 
• D • D D D • D D • D D D D D D D D D • 
• D D D D • • D D D D • D D D D D D • D D D • D D • • D D D 
• D D • D D D D D D D D D D D • D 0 0 0 
• 0 • 0 0 0 • 0 0 0 0 • • • 0 0 • 0 • 0 0 0 0 0 • 0 0 0 • 0 
a - Low Molecular Weight b - Polymeric Solute 
Figure 1.2.3.3.1: The Flory-Huggins Lattice Model 
In the case of the low molecular weight solute (figure 1.2.3.3.1a) it is assumed 
that the solvent and solute molecules have exactly the same volumes so each 
occupies one lattice site. With the polymeric solute (figure 1.2.3.3.lb) it is 
assumed that a solvent molecule and a segment of the polymer (corresponding 
roughly but not necessarily to a repeat unit of the polymer) have the same 
volume and again each occupies one lattice site. 
By statistical evaluation of the possible arrangements on the lattice, Flory and 
Huggins derived an expression for the configurational entropy change in forming 
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a polymer solution, AS, which is analogous to that of a low molecular weight 
solute (equation 1.2.3.1-5): 
M =-k(Ns 1nvs +Np Invp) 1.2.3.3-1 
where v is the volume fraction and subscript s and p represent the solvent and 
polymer respectively. The volume fractions are defined as: 
1.2.3.3-2 
and 
xpnp 
v = ---!--'---
P 
xsns +xpnp 
1.2.3.3-3 
where x is the number of segments. For the usual monomeric solvents Xs = 1. For 
a polydisperse polymeric solute xp is usually taken as the number - average 
degree of polymerisation with little error. 
The entropy of mixing of polymer solutions is much less than that for small 
molecules. As a result of this, the free energy of mixing (and therefore solubility 
behaviour) is dominated by the enthalpy term. 
An expression for the enthalpy of mixing, Ml, which was derived by considering 
the change in the interactions of adjacent molecules or segments on the lattice, 
more specifically the conversion of [solvent - solvent] and [polymer - polymer] 
interactions to [solvent - polymer] interactions: 
1.2.3.3-4 
where X is the Flory-Huggins interaction parameter. Initially X was interpreted as 
the enthalpy of interaction per solvent molecule divided by kT. It is now known 
that there is an interactive as well as a configurational contribution to the entropy 
of solution, which is included in the X term. The Flory-Huggins interaction 
parameter is now considered to be a free energy, rather than only an enthalpy, of 
interaction per molecule of solvent divided by kT. 
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An expression for the free energy of mixing, A.G, can be obtained by combining 
equations 1.2.3.3-1 and 1.2.3.3-4: 
!!.G = kT(Ns In Vs + Np In vp + XNsVp) 1.2.3.3-5 
From this expression useful relationships involving experimentally measurable 
quantities, such as osmotic pressure, can be derived. The partial differentiation of 
equation 1.2.3.3-5 with respect to Ns gives the chemical potential of the solvent, 
which is a key quantity in phase equilibria, making X experimentally accessible. 
The criterion for complete solubility of a high molecular weight polymer across 
the composition range in terms of the Flory-Huggins theory is: 
X<0.5 1.2.3.3-6 
The Flory-Huggins theory has been extensively used to describe phase equilibria 
in polymer systems such as the DCST, though it rarely gives a good quantitative 
fit of experimental data. 
The limitations of the Flory-Huggins theory have long been known. It can not 
predict the LCST. The Flory-Huggins interaction parameter is a function of 
temperature, concentration and molecular weight which limits the practical 
application of the theory. The main reason for these problems is that the theory 
assumes no change in volume on mixing and the statistical analysis on which the 
theory is based is not valid for very dilute solutions, especially in poor solvents. 
1.2.3.4 Dilute so!utioni8,29,33,34 
The Flory-Huggins lattice theory does not account for the fact that a very dilute 
polymer solution must have a discontinuous structure, i.e. domains of polymer 
segments separated by regions of polymer free solvent. 
Flory and Krigbaum34 propose a model in which each cloud of segments is 
roughly spherical with a density of segments that is at maximum in the centre 
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and decreases in an approximately Gaussian function with distance from the 
centre. 
It was assumed that the volume occupied by one molecule contained no segments 
of any other molecule. Within this excluded volume long range intramolecular 
interactions occur whose thermodynamic functions can be derived. The partial 
molar entropy, enthalpy and free energy are: 
I1Ss = klf/sV; 1.2.3.4-1 
1.2.3.4-2 
1.2.3.4-3 
where K and If/ are constants for any given system and K was said to be "the 
energy part of X,,34. 
1.2.4 Solubility Parameters 
Molecular materials exist as liquids and solids over certain ranges of temperature 
and pressure because these states are more stable than the gaseous state, i.e. it is 
energetically favourable for the molecules to be packed close together. 
In these condensed phases, strongly attracting cohesive forces exist between the 
molecules. As a result, each molecule in a solid or liquid is said to have a 
negative potential energy relative to a gaseous molecule (which has a negligible 
potential energy originating in this way). 
Due to the coulombic interactions ionic liquids and crystals have even stronger 
attractive forces. 
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1.2.4.1 Cohesive Energy35 
If U is defined as the molar internal energy, i.e. the potential energy of one mole 
of a material relative to the ideal vapour at the same temperature, then U has a 
negative value. Therefore it follows that the molar cohesive energy, i.e. -U, has a 
positive value. 
Assuming that the intramolecular properties associated with individual molecules 
are the same in gaseous and liquid states, then it can be seen that the molar 
cohesive energy of a liquid can be divided into two parts: 
I. the molar vaporisation energy, I1~U, 
2. the energy needed to completely separate the molecules, I1~U. 
This can be expressed as 
v=oo 
-u =1'11U +1'1~U =1'11U + f(au laV)TdV 1.2.4.1-1 
v=gv 
where V is the molar volume. The molar cohesive energy can be subdivided 
further: 
1.2.4.1-2 
wherel1~His the molar enthalpy ofvaporisation,I1~His the increase in enthalpy 
on isothermally expanding one mole of saturated vapour to zero pressure, Psal is 
the saturation vapour pressure at temperature T, IV is the molar volume of the 
liquid and R is the gas constant. 
At pressures below atmospheric pressure, i.e. at temperatures below the boiling 
point, I1~H and psa/Vare negligible compared withl1~H and RT so: 
-u ~ l'1~u ~ +1'1~H -RT 1.2.4.1-3 
At higher temperatures the, I1~H and Psal IV terms cannot be neglected. 
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1.2.4.2 The Hildebrand Solubility Parameter27,29,35,36 
The cohesive energy density, CED, is defined as the cohesive energy per unit 
volume: 
CED= -u 
V 
1.2.4.2-1 
The cohesive energy density is the basis of the original definition of the solubility 
parameter by Hildebrand and Scott36 now known as the Hildebrand solubility 
parameter or Hildebrand parameter, 5: 
0= .JCED = I~~u = ~L1~HV RT 1.2.4.2-2 
The original unit of the solubility parameter was (cal cm-3)\', also known as 
Hildebrand (Hb). The SI unit is (MPa)\',. The conversion factor is: 
IHb = 0.48888 (MPa)\', 1.2.4.2-3 
or 
I (MPa)\', = 2.0455 Hb 1.2.4.2-4 
The enthalpy of mixing can be written in terms of the solubility parameter: 
1.2.4.2-5 
Inspection of equation 1.2.4.2-5 shows that the enthalpy of mixing is always 
positive, opposing dissolution. This effect is minimised as the values of 5 for the 
solvent and polymer become closer. As a rough heuristic principle, for a polymer 
to be soluble in a given solvent: 
1.2.4.2-6 
Although the concept of the Hildebrand parameter has proved useful, there are 
many exceptions to 1.2.4.2-6. Regular solution theory which leads to 1.2.4.2-5 
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has some shortcomings in terms of practical application and polymer solubility is 
far too complex a phenomenon to be quantitatively described by a single 
parameter. 
Attempts have been made to supplement solubility parameters with information 
on hydrogen bonding and dipole moments37•38• One of the simplest of these 
methods classifies solvents depending on their hydrogen bonding ability; poor, 
moderate or strong. Another method which has been widely used is discussed 
below. 
1.2.4.3 Hansen Solubility Parameters27•35 
Hansen39 proposed that the total change in internal energy on vaporisation, !1fU, 
can be considered the sum the contributions of hydrogen bonding, !1~Uh; 
permanent dipole interactions, !1~Up; and dispersion forces!1~Ud : 
1.2.4.3-1 
dividing by the molar volume gives: 
1.2.4.3-2 
therefore: 
1.2.4.3-3 
The Hansen solubility parameter, 0, can be thought of as a vector in a three 
dimensional (h,p,d) space. Equation 1.2.4.3-3 gives the magnitude of the vector. 
A solvent with component values of Ohs, ops and Ods is represented by a point in 
space and /) is the vector from the origin to this point. 
A polymer can be characterised by component values of Ohp, 0,p and Odp. It has 
been empirically determined that if Od is plotted on a scale twice the size of Oh 
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and ~, then all solvents that dissolve the polymer fall within a sphere of radius r 
surrounding the point (Ohp, ~p, Odp)' This radius, r, must be determined for each 
polymer. 
Judgements on the solubility for the determination of r are usually based on the 
visual observation at room temperature of 0.5 g polymer in 5 cm3 of solvent. 
Given the dependence of the phase boundaries on concentration and temperature 
as shown in figure 1.2.1.1, this appears arbitrarily defined but it appears to work 
well in practice. 
The three dimensional version of 1.2.4.2-6 can be obtained by calculating the 
magnitude of the vector from the point, (Ohp, 0,p, Odp), at the centre of the polymer 
sphere to the point, (Oh" Ops> Ods), representing the solvent. So for the polymer to 
dissolve: 
1.2.4.3-4 
where the factor of four is due to the empirical need to double the Od scale, 
squared. 
The range of values of oa for typical polymers and their solvents is quite small. 
Therefore in practice this three dimensional model is often reduced to two 
dimensions. Polymers and solvents are now represented on bh and 4 axes with a 
polymer circle of radius r. 
The values of the individual components, 8;" 4 and Od, of the Hansen solubility 
parameter have been developed from measured valves of 0, theoretical 
calculations, studies of model compounds and computer fitting. They have been 
extensively tabulated for solvents39,4o. These values and that of r for polymers are 
less readily available but have been pubJished39• 
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The semi empirical Hansen three dimensional solubility parameter has proved to 
be of great practical value, particularly in the paint industry. It can explain cases 
in which a solvent and a polymer have almost identical 8 values but the polymer 
does not dissolve - the 8 vectors have the same magnitude but different 
directions. 
1.2.4.4 Solubility Parameters of Solvent Blendl7•41 
The solubility parameters of solvent blends can be calculated by: 
"n.vo. L O.=L..III 0 mlX" Vi i L..nYi 1.2.4.4-1 
This expression can be used for both Hildebrand and Hansen parameters but 
assumes ideal mixing. 
1.2.5 Amorphous Polymerr4 
Solids, such as polymers and glasses, whose components are not ordered in a 
crystal lattice are called amorphous (without form). In the absence of internal 
stress they are isotropic, i.e. their properties are independent of direction. 
PFSIs, however, are anisotropic when manufactured as they are extruded in the 
sulfonyl fluoride form and then hydrolysed. 
Many melts can be frozen in the disordered state by rapid cooling of the liquid 
phase. Amorphous substances frequently revert to the lower-energy, crystalline 
form over a period of time. This so-called cold crystallisation (devitrification) 
proceeds much more rapidly above the glass transition temperature. 
Nafion is thought to be 90-95% amorphous14• 
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1.2.6Polymer Crystallinity27 
The exact nature of polymer crystallinity is not yet fully understood but a number 
of facts about the requirements for crystallinity have long been known. An 
ordered, regular chain structure is necessary to allow these chains to pack into an 
ordered, regular crystal lattice. Protruding side groups with irregular spacing 
hinder crystallinity. 
The forces holding the chains together in the crystal lattice must be strong 
enough to overcome the disordering effect of thermal energy, however regular 
the chains are. Strong interactions such as hydrogen bonding and dipole 
interactions promote crystallinity and generally raise the melting point of the 
crystal. 
X-ray studies have shown that there are numerous polymers that are totally 
amorphous. At the other extreme, no one has managed to produce a totally 
crystalline polymer, despite extensive efforts. Up to 98% crystallinity has been 
achieved. 
1.2.6.1 The Fringed Micelle Model 
The fringed micelle model (figure 1.2.6.1.1) attempts to explain the observed 
properties of semicrystalline polymers: 
a - unoriented b - oriented 
Figure 1.2.6.1.1: The Fringed Micelle Model of Semi crystalline Polymers 
27 
Chapter 1.0 - Introduction 
This model features "fringed micellular" crystalline regions, known as 
crystallites, within an amorphous matrix. The crystallites are small volumes 
where the chains are regularly aligned parallel to each other, tightly packed into a 
crystal lattice. 
The dimensions of the crystallites are in the order of tens ofnanometers which is 
but a small fraction of the chain length. The chains may be part of many different 
crystallites as well as being largely amorphous. 
This model explains the coexistence of amorphous and crystalline regions in 
polymers. It also explains the observed increase in crystallinity when fibres are 
stretched (figure 1.2.6.1.1 b). Stretching orients the chains in the direction of the 
force, increasing the degree of alignment in the amorphous areas, which 
increases the degree of crystallinity. 
Since the chains pass randomly from one crystallite to another, it is easy to see 
why 100% crystallinity cannot be obtained. This model also explains why 
crystallinity can effect the properties of a polymer in similar ways to 
cross linking, as crystallites and cross links both hold the individual chains 
together. 
Nafion is thought to be 5-10% crystallinel4• Due to the extrusion and passing 
through heated rollers during the manufacturing process (section 1.1.1) it is likely 
that the crystallinity in N afion is highly oriented. 
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1.3 Intermolecular Forces29,30,42 and Ionic Bonding 
When molecules are close enough to influence each other, both attractive and 
repulsive forces exist between them. If there were no such forces of attraction all 
matter would be in the gaseous state as there would be nothing to bring the 
molecules together to form the solid and liquid states. The behaviour of matter in 
the condensed phases is determined by the balance of these attractive and 
repulsive forces. 
The force, (P), between two molecules separated by a distance, (r), is related to 
the first derivative of the potential energy, (Ep), shown in equation 1.3-1 
dEp F=--
dr 
1.3-1 
Potential energy is a relative quantity and is taken to be zero at infinite 
separation. It is usually more convenient to think in terms of energy rather than 
force. Figure 1.3.1 shows how the potential energy varies with distance for two 
interacting molecules. 
+ 
r Distance ]~-t--------------------~~~==========~~~ 
! 
Figure 1.3.1: Variation of Potential Energy With Distance 
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1.3.1 Attractive Forces 
There are four types of attractive forces known as secondary valence, 
intermolecular or van der Waals forces. These are: dipole-dipole, dipole-induced 
dipole, dispersion forces and hydrogen bonding. Dispersion forces are universal 
in that they are possessed by all molecules. Hydrogen bonding however, can only 
occur between molecules with specific groups (which will be explained in 
section 1.3.1.4). 
In addition to the van der Waals forces, there are two other types of forces which 
may be pertinent to this study due to the use ofionomers: ion-ion and ion-dipole 
forces. 
The typical values of these forces and the dependence on distance between them 
can be seen below in table 1.3.13°. 
Dependence on distance Typical 
• 
• Potential Energy Force Force • • (kJmol-1) • Energy 
• 
Ion-ion -2 • - 1 250 r • r 
-3 • -2 Ion-dipole r r 15 
hydrogen bonding - - 20 
dipole-dipole r -7 r -6 2.0 
dipole-induced dipole r -7 r -6 0.3 
dispersion forces -7 -6 2.0 r r 
Table 1.3.1: Typical Values of Attractive Forces 
1.3.1.1 Dipole-Dipole Forces 
When a molecule has a dipole moment, i.e. different atoms in the molecule carry 
an equal and opposite electric charge, then over large distances the molecule acts 
like an electrically neutral system. But over molecular distances the charge 
separation becomes significant. 
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In a fluid of freely rotating molecules where all relative orientations are equally 
probable, such as figure 1.3.1.1.1, the interaction between dipoles averages to 
zero. In reality, however, even in a gas the molecules do not rotate completely 
freely because the favourable interactions are slightly more numerous (in accord 
with the Boltzmann distribution), such as figure 1.3.1.1.2. 
Figure 1.3.1.1.1: All Orientations Equally Probable 
Figure 1.3.1.1.2: Favourable Orientations More Probable 
It can be shown that30 the time averaged potential energy of two rotating 
molecules separated by a distance r is given by equation 1.3-2: 
f1~f1; E = 
p 24tr2&;&2kTr6 
1.3-2 
where j.JA and j.Jo are the dipole moment of each molecule, &0 is the permittivity of 
a vacuum, & is the relative permittivity or dielectric constant, k is the Boltzmann 
constant and T is the thermodynamic temperature. 
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1.3.1.2 Dipole-Induced Dipole Forces 
A polar molecule influences surrounding molecules that do not have a permanent 
dipole. The electric field of the permanent dipole causes slight displacements of 
the electrons and nuclei of surrounding molecules, inducing dipoles. These 
induced dipoles then interact with the permanent dipoles to give an attractive 
force. The energy of this force is always small and independent of temperature. 
It can be shown thaeo the potential energy of dipole-induced dipole forces is 
given by equation 1.3-3: 
E = p 
where a's is the polarizability of molecule B 
1.3.1.3 Dispersion (London)Forces 
1.3-3 
The existence of intermolecular forces in non-polar materials suggests that there 
is another type of force. All molecules have time dependent dipole moments, 
which arise from different instantaneous configurations of the electrons and 
nuclei, which average out to zero. These fluctuations lead to perturbations of the 
electronic clouds of adjacent atoms giving a temporary dipole and hence an 
attractive force. 
It can be shown thaeo the potential energy of dispersion forces is given by 
equation 1.3-4: 
E = p 2a~a~IAIB 3(lA +IB )r6 
where lA and Is are the ionisation energies of each molecule 
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1.3.1.4 Hydrogen Bonding 
A hydrogen bond is an attractive force that arises from a link of the form 
A-H"'B where A is acidic (proton donor) and B is basic (proton acceptor) and 
both are very electronegative. Conventionally, A is thought to be limited to 
nitrogen, oxygen and fluorine but there is no strict cut-off for B. 
There are a number of models to explain what a hydrogen bond is including an 
electrostatic attraction, or being ionic in character (rather than a conventional 
covalent bond). If hydrogen bonding is present in a system then it dominates the 
van der Waals forces discussed. 
1.3.1.5 Ion-Ion Forces 
For ion-ion interactions the force of attraction for opposite charges (or repulsion 
for like charges) obeys the inverse square law. The potential energy is given by42: 
2 
E =_ ZAzBe 
p 47l'CoU 
1.3-5 
where ZA and ZB are the magnitudes of the charges on the ions and e is the charge 
on an electron. 
1.3.1.6 Ion-Dipole Forces 
F or ion-dipole interactions the force is dependent on the angle, B, between them. 
Provided that the distance between the ion and dipole is much greater than the 
length of the dipole then the potential energy is given bl2: 
E = p 
ZAe/l Cos () 
47l'COu
2 
33 
1.3-6 
Chapter 1.0 - Introduction 
1.3.2 Repulsive Forces 
If two atoms or molecules are brought very close together then the clouds of 
electrons will interpenetrate and will not be able to shield the nuclei, resulting in 
a repulsive force, the energy rising as the separation is reduced. 
Theoretical treatments show that the potential energy is best expressed as42: 
1.3-7 
where Band n are constants. Generally the best value of n is 12 and B is related 
to the molecular radius. 
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1.4 Contact Angles 
If a liquid makes contact with a solid surface then the surface is said to be wetted. 
The extent of wetting is described by the contact angle, e, that the drop makes 
with the surface at the three phase contact line (Le. the angle between the surface 
and the liquid in equilibrium with its vapour) as shown in figure 1.4.1: 
Vapour 
Figure 1.4.1: Contact Angle 
1.4.1 Work of Adhesion 
When a liquid comes into contact with a solid then a solid/liquid interface is 
formed at the expense of a solid surface and a liquid surface. The reversible free 
energy change, ~GSL. per unit of solid/liquid interface formed is given by the 
Dupre equation43 : 1.4-1 
where YSL is the interfacial tension, Ys is the surface energy of the solid in a 
vacuum, YLv is the surface tension of the liquid in equilibrium with its vapour and 
WA is the thermodynamic work of adhesion. 
1.4.2 The Young Equation 
It was Young43 who first proposed a thermodynamic relationship between the 
equilibrium contact angle of a drop of liquid on a solid and the surfaceaiid-' 
interfacial energies between the solid and liquid: 
rSv = rSL + rLV cosB 1.4-2 
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where ¥sv is the surface energy of the solid in equilibrium with the vapour of the 
liquid. 
1.4.3 The Young-Dupre Equation 
In practice the difference between YLv and YL, the surface tension of the liquid 
without its vapour, are too small to be measured. By combining equations 1.4-1 
and 1.4-2 the Young-Dupre equation is derived: 
1.4-3 
1.4.4 Polar and Dispersion Components 
Dwens and Wendt43 proposed an equation using the polar (superscript p) and 
dispersion (superscript d) components of the surface energies of the solid and 
liquid: 
1.4-4 
By combining equations 1.4-3 and 1.4-4 equation 1.4-5 is derived which enables 
the calculation of the polar and dispersion components of a solid by measuring 
the contact angle of two liquids of known polar and dispersion component: 
1.4-5 
This method of separating the polar and dispersion components of the surface 
energy is similar to Hansen's treatment of the solubility parameter. 
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1.5 Photon Correlation Spectroscopy44 
Photon Correlation Spectroscopy (PCS), also known as quasi-elastic light 
scattering, is a technique used to detennine the size of particles in solution. 
Particles in the range of 1 - 5000 nm, dependent on sample considerations and 
the available laser power, can be measured using PCS. 
Light may be scattered whenever it passes through a given medium with 
dielectric constant not equal to unity, i.e. a medium which is polariseable. The 
light interacts with electrons in the material and is then re-radiated, as scattered 
light. 
If no loss in energy is experienced then the scattering is tenned elastic. Light can 
also be absorbed by the molecule, emitted later at a different wavelength 
(fluorescence or phosphorescence) or even as heat. 
In order to measure the properties of a sample, the incident light from the source 
must be separated from the scattered light. This can be done by using a 
collimated source, e.g. a laser, or by focusing the light so that the beam 
converges in the sample. 
In both cases, it is impossible to detect the scattered light close to the edge of the 
beam (as the scattering angle tends to zero) due to the spreading effect of any real 
beam. Even a laser beam has a Gaussian profile, i.e. the intensity decreases by a 
2 
factor of e-x , where x is the distance from the centre of the beam. 
The principle of the scattering process can be seen below in figure 1.5.1, where 
the scattering angle is usually 90°, i.e. Rayleigh scattering in order to avoid this 
problem: 
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Light sourc e Scattering angle 
Detector 
Figure 1.5.1: Basic Light Scattering Experiment. 
A light trap and detector (and usually a photomultiplier tube) can be used to 
measure the remaining power of the beam and the extinction, the sum of 
scattering and absorption, of the sample calculated. 
It should be noted that light scattered along the path of the beam cannot be 
resolved. Correction may be required for this effect. 
It has previously been shown that PCS can be successfully applied to polymer 
solutions 45,46,4 7• 
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1.6 Summary of Some of the Physical Properties of Nation 
Property Value Units Comments Re! 
Molecular weight 1-10 X 105 gmo rl I 
Polydispersity Unknown 48 
Molecular weight of Detines equivalent weight 
repeat unit 
Composition 67.7 wt% F (-S03H IIOOew) 
21.9 wt% C (-S03H 1100ew) 
7.3 wt% o (-S03H IIOOew) 
2.9 wt% S (-S03H IIOOew) 
0.1 wt% H (-S03H IIOOew) 
Thickness 51 f.LIll Nation 112 52 
127 ).lm Nation 115 
183 ).lm Nation 117 
Degree of branching 0 % 48 
Degree of crystallinity 5-10 % 14 
Heat of fusion 5-25 J g.l Depends on ew 48 
Glass transition -273 K -S02F 48 
temperature 376 K -S03H 25 
489 K -S03Li 25 
508 K -S03Na 25 
498 K -S03K 25 
483 K -S03CS 25 
Melting temperature 523 K -S02F, 1050 ew (ew dependent) 48 
Decomposition 
-673 K -S03Na 48 
temperature 
Solubility parameter 9.6, 17.4 Hb -S03H 1100ew, dual parameters 41 
9.7, 17.3 Hb -S03H 1200ew, dual parameters 41 
Tensile strength, Machine (transverse) direction 52 
maximum 43 (32) MPa 50% relative humidity, 23 QC 
34 (26) MPa water soaked, 23 QC 
25 (24) MPa water soaked, 100 QC 
Elongation at break Machine (transverse) direction 52 
225 (310) % 50% relative humidity, 23 QC 
200 (275) % water soaked, 23 QC 
180 (240) % water soaked, 100 QC 
Table 1.6.1: Summary of Some of the Physical Properties ofNafion 
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Property Value Units Comments Re! 
Tear resistance - Machine and transverse the same 52 
initial 6000 gmm 
., 50% relative humidity, 23°C 
3500 ., gmm water soaked, 23°C 
3000 
., 
gmm water soaked, 100°C 
Tear resistance- Machine (transverse) direction 52 
propagating >100(>150) ., gmm 50% relative humidity, 23°C 
92 (104) ., water soaked, 23°C gmm 
74 (85) gmm ., water soaked, 100°C 
Water content 5 % 50% relative humidity, 23°C 52 
Water upkake 38 % dry film soaked at 100°C for 1 hr 52 
Density 2.0 ·3 gcm Unhydrolysed 49 
1.4-2.05 ·3 gcm Hydrolysed 
Ultra violet absorption Transparent down to 200 nm 50 
Infra red absorption ".!.~~:~~Q:. .. "I""".~~!.lf.!.'!." .. " 1.:!:.~~~!f..'!.?!!..:~!.. 51 
(Nafion-Na, weak 3715 ., cm Variable Water O-H stretch 
peaks not included) 3670 ., Variable Water O-H stretch cm 
3530 cm 
., Variable Water O-H stretch 
1620 ., cm Variable Water H-O-Hbend 
1210 
., V. strong -S03' stretch cm 
1060 ., cm Strong -S03' sym. stretch 
980 ., Strong -C-O-C- sym. stretch cm 
960 cm 
., Strong -C-O-C- sym. stretch 
2360 cm 
., Medium -CF2"CF2- C-F 
630 cm 
., V.strong -CF2-CF2- C-F2 scissor 
530 cm 
., V.strong -CF2-CF2- C-F 
205 ., cm Medium -CF2-CF2- C-F 
Table 1.6.1 Continued: Summary of Some of the Physical Properties ofNafion 
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2.0 Literature Review 
The literature on Nafion is extensive and articles continue to be published. Over 
250 papers related to Nafion were published in the year 2002. There have been 
several excellent articles published over the last twenty years that review general 
aspects of Nafion i ,2,3. The review presented here highlights specific work related 
to the solubilisation of Nafion, characterisation of Nafion films and 
determination of solubility parameters. 
2.1 Solubilisation of Nafion 
Despite the fact that Nafion perfluorosulfonated ionomers have been available for 
a long time, they are still relatively expensive at approximately £2500 m-2 for 
Nafion 117 membrane and £1300 dm-3 for a 5 wt% Nafion 1100 equivalent 
weight solution when bought in small quantities. 
This high price was one of the main motivations for the dissolution of PFSls, 
such as Nafion, both to recycle scraps and membranes used in the Regenesys 
cell. 
2.1.1 Dissolution at High Temperature and Pressure 
A large number of papers describe the use of a pressure vessel to dissolve PFSls 
at high temperature in a mixture of water and low aliphatic a1cohols. A summary 
of this work can be seen in table 2.1.1.1. 
The methods used by all these groups followed the general approach: the 
membrane was cleaned, the polymer and solvent blend were placed in a bomb 
then purged with an inert gas (usually nitrogen). The bomb was then sealed and 
heated to the required temperature with stirring. Once the bomb had been at 
44 
2.0 Literature Review 
temperature for the required time it was cooled and finally the solutions were 
removed. 
Martin, Rhoades and Ferguson4 were the first group to publish a method for the 
dissolution of PFSIs in water and low aliphatic a1cohols, now considered the 
standard method. They noted that on opening the bomb at the end of a run, a 
strong ether smell was present. An acid catalysed dehydration of ethanol to form 
diethyl ether was the suggested mechanism (figure 2.1.1.1): 
Figure 2.1.1.1: Acid Catalysed Dehydration of Ethanol 
The fact that no solvent system has been found to dissolve Nafion at room 
temperature was discussed and the presence of crystalline regions in the polymer 
backbone, acting like crosslinks, was suggested as the reason. Du PontS state that 
thermal degradation of Nafion begins at around 250°C. The authors raised the 
question of degradation during the dissolution process. Two methods were used 
to investigate this possibility. 
In the first, a glassy carbon electrode was coated with a 0.5 wt/vol% solution in 
50:50 ethanol-water and was electrochemically characterised. In the second a 
comparison of the amount of polymer added to the bomb with the amount present 
at the end of the process was made. 
This was achieved by drying aliquots of solution and weighing. The weights 
were all within 2% of that expected. The polymer was shown to retain three 
important attributes: insolubility in water, ion exchange ability, and no 
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significant loss of mass due to the dissolution process. The authors concluded 
that thermal degradation was unlikely to have occurred. 
Re! Solvent System % Nafion Cation E.W. Temp(C) Time(min) 
4 H20. EtOH 1:1 1.00 H+ 1100,1200 250 60 
4 H20, 1-PrOH 1: 1 1.00 H+ 1100,1200 250 60 
6 H20, EtOH 1:1 0.600 Ir 1100 250 60 
6 H20, EtOH 1:1 0.600 H+ 1200 250 60 
7 H20, EtOH 1: 1 N/A H+ 1100 250 60 
7 H20, EtOH 1:1 N/A H+ 1200 250 60 
8 H20, EtOH 1:1 0.600 H+ 1100 250 60 
9 H20, EtOH 1:1 0.340 Ir 1100 250 60 
10 H20, EtOH 1: 1 0.445 H+ 1100 250 60 
11 H20, EtOH 1:1 1.14 Ir 1100 250 60 
12 H20, EtOH 1:1 N/A Ir 1100 250 60 
13 H20, EtOH 1:1 5.00 -10.0 H+,Li+,Na+ 1100 250 60 
14 H20, EtOH 1:1 N/A Na+ 1100 250 60 
14 H20, EtOH 1: 1 N/A Na+ 1065 Dow 250 60 
15 H20, EtOH 1:1 N/A Li+ 1100 250 60 
16 H2O,MeOH, <1% TBA+ 1100 250 60 
1-PrOH4:3:3 
17 H2O,MeOH, N/A TBA+ 1100 250 60 
1-PrOH 4:3:3 
18 H20, EtOH 1:1 N/A Li+ 1100 250 60 
19 H20, EtOH 1:1 N/A Li+ 1100 250 60 
20 H20, EtOH 1:1 1.00 H+ 1100 250 60 
20 H20, EtOH 1:1 1.00 Ir 800Dow 250 60 
21 H20, EtOH 1:1 N/A Li+ 1100 250 60 
22 H20, EtOH 1:1 N/A Li+ 1100 250 120 
23 H20, EtOH 1:1 N/A Li+ 1100 250 60 
24 H20, EtOH 1:1 N/A Li+ 800Dow 250 120 
25 H20, EtOH 1:1 10.0 Ir 1100 230 240 
26 H20, EtOH 1:1 5.0 H+ 1100 250 60 
Table 2.1.1.1: DIssolutIOn at HIgh Temperature and Pressure 
In two patents, by Groe7,28, solutions of 2 - 18 wt% of a series of PFSIs by using 
various solvent blends (including water and low aliphatic alcohols) in a pressure 
vessel at 180 - 300 QC for at least half an hour for polymer of 1025 - 1500 ew 
are declared. Various cation forms were quoted. 
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Very few papers have reported concentrations in excess of 1 wt%. None of these 
papers have investigated the effect of solvent blend, proportions of the different 
components in the solvent blend, the cation form of the membrane, temperature 
or time on the dissolution process. Once Nafion was dissolved the solutions have 
been used and studied in a variety of ways, outlined below. 
2.1.1.1 Solution Properties 
Prieto and Martin7 presented results of luminescence probe studies on solutions 
of N afion to determine the nature of the interactions between the anionic 
polyelectrolytes and their cationic counterion. 
Both 1100 and 1200 ew Nafion were dissolved in the usual way. The alcohol 
(and presumably also any ether) was removed from these solutions and they were 
converted to the Na+ form by the addition of sodium hydroxide. Solutions were 
prepared for the luminescence intensity measurements by the addition of aliquots 
of stock Nafion-Na solution to solutions of the required luminescence probe, in 
quartz cuvettes. These solutions were then mixed. Solutions were prepared for 
the lifetime measurements by the addition of aliquots of stock Nafion-Na or 
stock Nafion-H solutions to solutions of Ru(bpy)l+. 
This study showed that strong binding of cations to Nafion polyelectrolytes in 
solution occurs when both electrostatic and hydrophobic interactions are 
possible. This helps to explain why a Nafion film on an electrode surface retains 
hydrophobic cations, such as Ru(bpY)l+, when the film is immersed in a high 
concentration salt solutions containing none of the hydrophobic ion. 
In 1986 Aldebert, Dreyfus and Pineri12 prepared solutions in the usual way, 
which were concentrated by a process of selective solvent addition and 
evaporation, and studied them using small angle neutron scattering in an attempt 
to determine the morphology of the ionomer in solution. 
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Three possible structures were considered. The first of which was a three-
dimensional face centred cubic lattice. This model was disregarded because there 
was a lack of consistency in the number of polymeric chains observed at the 
different concentrations studied. 
The second model was a two-dimensional hexagonal array of cylindrical rods. 
This model was also rejected on the grounds that the values determined for the 
length and diameter of the rods were almost equal, implying spheres rather than 
rods, and there was a contradiction between the shortness of the individual rods 
and their tendency to arrange end to end along lines with a separation much 
greater than their length. 
The authors conclude that the third model, a cubic phase of rods, is the most 
likely of the three studied. 
Schlick, Gebel, Pineri and Volino15 used 19F NMR to study Nafion-H solutions, 
made using the standard method, and swollen membranes to assess the mobility 
of the perfluorinated chains in solution. Nafion in the 1100 ew lithium form was 
dissolved in the usual way. 
These solutions were dried and converted to the protonated form by stirring with 
2M nitric acid for 5 hours. This powder was redissolved in various solvents to 
give solutions of up to 20 wt.%. The 19F NMR studies confirmed that a true 
Nafion-H solution had been formed by redissolution in ethanol because all the 
19F nuclei are represented by motionally averaged signals. 
Szajdzinska-Pietek, Schlick and Plonka19 investigated Nafion solutions and 
membranes using the electron spin resonance (ESR) spectra of nitroxide spin 
probes. Nafion, in the lithium form was dissolved in the usual way. These lithium 
form solutions were dried and the powder was redissolved in ethanol, formamide 
and N-methylformamide to give solutions of up to 25 wt.%. ESR spectroscopy 
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utilising nitroxide spin probes was used to study the solutions and swollen 
membranes. 
The ESR spectra of the spin probes do not indicate the presence of large 
aggregates in the solutions of Nafion in ethanol or N-methylformamide, which 
agrees with a previous 19p NMR study15. The results obtained for both 
formamide and aqueous systems suggested a fringed rod micellar structure in 
solution and a reverse micellar structure in the swollen membrane. 
A mechanism for the transition from the former state to the latter was suggested. 
These results supported the previous solution structure proposed by Aldebert et 
a!. in 198612• 
In 1995 Aldebert, Gebel, Loppinet and Nakamura21 used the standard method to 
dissolve Nafion. Viscosity measurements were performed on dilute solutions of 
Nafion in various solvents. 
Nafion, in the lithium form, was dissolved in the usual way. These lithium form 
solutions were dried and the powder was redissolved in various solvents and their 
viscosities were measured. Concentrations of solutions from this process were 
not reported. 
The viscosimetric behaviour of the Nafion solutions was shown to fit well with 
the Liberti-Stivala equation: 
2.1.1-1 
where 1]sp is the specific viscosity, c is the concentration, k is a constant and [1]001 
is the intrinsic viscosity. 
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Gebel and Loppinet22 investigated the colloidal structure of Nafion 
perfluorosulfonate, Hoechst perfluorocarboxylate, Dow perfluorosulfonate and 
poly(ethylene co-methacrylic acid) solutions using small angle x-ray scattering 
(SAXS) and small angle neutron scattering (SANS). 
Nafion in the lithium form was dissolved in the usual way. These solutions were 
then dialysed in pure solvents. Various concentrations were prepared by either 
dilution or evaporation. These solutions were studied using suggested using 
SAXS and SANS 
The colloidal structure was demonstrated for both families of ionomers. A 
rodlike structure to the micelles in the perfluorinated ionomer solutions was 
supported by this study. This is in agreement with the previous work on the 
structure of PFSI particles in solutionI2.19• The dimensions of these particles were 
in the ranges: radius 1.5 - 2.5 nm and 12.4 - 35.5 nm in length. 
In a 1997 paper, by Loppinet, Gebel and Williams23, Nafion solutions in polar 
solvents were studied using SAXS and SANS. The effect of the counterion on 
the structure of the particles in these solutions was also studied. N afion in the 
lithium form was dissolved in the usual way. These solutions were dried and the 
powder was redissolved in various solvents. In the case of poor solvents, dialysis 
was used. These solutions were then studied using SAXS and SANS. 
The small angle scattering study confirmed the colloidal structure in rodlike 
particles, which corroborates all the previous work on the structure of Nafion 
particles in solution 12.19.22. The radius of these particles was calculated at 2.0 -
2.5 nm. Changing the cation form restrained the local order but there was no 
observed modification of the shape of the particles. 
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In a 1998 paper, by Loppinet and Gebee4, solutions of the Dow sulfonated 
membrane in the 800 ew form in polar solvents were studied using SAXS and 
SANS. Dow 800 ew in the lithium form was dissolved in the usual way. These 
solutions were then dialysed in pure solvents. Various concentrations were 
prepared by either dilution or evaporation. These solutions were studied using 
suggested using SAXS and SANS 
The small angle scattering study confirmed that there is a rodlike structure of the 
particles of Dow short pendant side chain PFSI in solution much like that of the 
longer pendant side chained Nafion. The radius of these particles was calculated 
at 1.5 - 1.7 nm, which is slightly less than that of the longer pendant side chained 
Nafion. 
Aggregation in Nafion solutions has also been studied74• The authors suggest that 
there are two types of aggregates in Nafion solutions made in a bomb. The first is 
very large, with a hydrodynamic radius of;:: 10 !-lm and has been ascribed to 
undissolved Nafion. 
The second has a hydrodynamic radius of - 1 !-lm and can be removed by 
filtration but reappears on concentration of the solution. The authors suggest that 
this aggregation process is thermodynamically driven. It was noted that the size 
of the aggregates did not change on dilution and the authors suggested that this 
agreed with the rodlike micellar structure previously reported22,23. 
In the most recent paper, by Gebel26, a schematic representation of the structural 
changes during the transition from dry membrane to solution is presented (figure 
2.1.1.1) 
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To conclude, this work suggests that when PFSls are dissolved in a pressure 
vessel in water and low aliphatic a1cohols and the resulting solutions dried and 
redissolved in a variety of solvents, true solutions are formed. This suggests that 
the original solution, made in the bomb, is also a true solution because the 
barriers to dissolution at room temperature (thought to be the crystalline regions 
in the backbone of the polymer!) have been overcome. 
There is also strong evidence that solutions of fringed, rodlike micelles are 
formed. For Nafion, these micelles have a diameter of 2.0 - 2.5 nm and a length 
of 12.4 - 35.5 nm. The micelles of the Dow short pendant side chain membrane 
have a diameter of 1.5 - 1.7 nm. 
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Figure 2.1.1.1: Structural Changes from Dry Membrane to Solution 
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2.1.1.2 Preparation of Films from Nafion Solutions 
An important paper, by Moore and MartinlO, addressed the problems associated 
with membranes cast from solutions made using low aliphatic a1cohols and water 
in a pressure vessel at high temperatures. These problems include the poor 
mechanical properties and high solubilities of the recast membranes. 
Nafion in the 1100 ew, protonated form was dissolved in the standard way. 
Solutions of 0.445 wt.% polymer were reported. The polymer in these solutions 
was then converted to the sodium form by the addition of the stoichiometric 
amount of sodium hydroxide. 
An equal volume of dimethylsulfoxide (DMSO), ethylene glycol (EG), or 
dimethyl-formamide (DMF) was then added to the solution. Most of the ethanol 
and water were removed by heating to 80°C. The solution was then evaporated to 
dryness in an oil bath at 110 - 185°C. 
It was shown that the solubility of the solution processed Nafion decreased as the 
casting temperature used increased for all of the solvents investigated. It was also 
found that membranes greater than ca. 5% soluble in a 1:1 blend of ethanol and 
water, disintegrated on contact with an ethanol-water mixture or even warm 
water. 
Highly insoluble membranes with good mechanical properties were produced at 
temperatures above 130°C in DMF, above 170°C in DMSO and above 185°C in 
EG. When such solution processed membranes were exposed to DMF, DMSO, 
EG or water at temperatures up to 200°C they maintained their integrity and did 
not dissolve. 
Szentirmay, Campbell and Martinll investigated the use of silane coupling agents 
for attaching Nafion, cast from solutions made in the usual way, to glass and 
silica. 
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Glass and silica slides were cleaned in A1conox and water and prepared by 
treatment with N-(trimethoxysilylpropyl)-N,N,N-trimethylammonium chloride 
(ITACI) or octadecyltrichlorosilane (ODS). Nafion in the 1100 ew, protonated 
form was dissolved in the standard way. These solutions (1.14 wt.%) were cast, 
within a clamped plastic ring, onto the slides. The solvent was evaporated in air 
at 40-50°C. The plastic ring was then carefully removed. 
The test used to determine how strongly the films were bound to the surfaces of 
the slides was to rinse with water or other solvents. Photographs were taken 
before and after rinsing. Staining with a dilute solution of Ru(bpy)/+ was 
employed to aid visualisation. 
It was shown that the treatment with ITACI was more effective than ODS (or the 
untreated surface) because the treatment process was more successful and the 
cast films showed good adhesion in a variety of solvents. The authors suggest 
that this better adhesion is due to the fact that the cationic IT A+ can interact 
electrostatically with the sulfonate ion-exchange sites on the Nafion. 
A 1987 paper by Gebel, Aldebert and Pineri 13 is the first paper that reports 
solutions, made using the standard dissolution method, of greater than 1.14 wt.%. 
It was also the first time the dissolution of different cations was reported, 
although a comparison of the solubility of the different cations was not made. 
These solutions, made in the usual way, were then solution processedlO in a high 
boiling point solvent, cast and annealed at ca. 200°C (various temperatures were 
compared). A swelling study of these films in various solvents and solvent blends 
was undertaken. X - ray studies (wide angle x-ray scattering (WAXS) and small 
angle x-ray scattering (SAXS» were used to compare the cast films with Nafion 
117. 
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It was found from the casting and annealing studies that the properties of the 
films produced were strongly dependent on the cation form, presence of 
additional polar solvents (solution processing) and thermal history (including 
annealing). The WAXS studies showed that the morphology of the membranes 
reconstructed at room or even high temperature was different to that of the as-
received Nafion 117 membrane. 
It was also shown that annealing induced strong modifications in the diffraction 
pattern during the first hour. These results were supported by the SAXS studies, 
showing that crystalline order developed with annealing. 
The authors proposed a "tentative structural description of reconstituted 
membranes": before thermal treatment, reconstituted PFSI membranes show 
amorphous regions together with large fractions of either poorly crystallised 
material or material with small crystalIites, or both. Almost no long range order 
exists between these crystaIlites which are randomly distributed throughout the 
amorphous phase. 
As the sample is annealed, a number of changes simultaneously occur: the size of 
the crystaIIites increases, their internal order probably improves and a long range 
order develops. Any residual solvent from the solution processing stage could act 
as a plasticizer which would also favour such a reorganisation by reducing the 
crystallisation temperature of the polymer. 
In 1988 Moore and Martinl4 prepared Nafion solutions using the standard 
method which were used to cast films (various solvents were used for solution 
processing). The effect of temperature and solvent on the casting process were 
investigated. 
Nafion solutions made in the usual way were solution processed in ethanol, 
I-propanol, I-butanol, dimethyl formamide (DMF), DMSO and EG and films 
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were cast at the desired temperature. The solubility of these films was assessed 
by soaking in a 1: 1 ethanol/water in an ultrasound bath for one hour. The 
solvent blend was then filtered, evaporated to dryness and weighed. The films 
were also studied using W AXD, SAXS and DSC. 
The solubility study supported the conclusions of previous worklO, that the 
solubility and mechanical properties of recast, solution processed membranes is 
dependent on the casting temperature. At higher casting temperatures, the 
membrane tends to be more insoluble and have a much higher mechanical 
strength. 
W AXD, SAXS and DSC studies showed that the morphology of the solution 
processed films is apparently very similar to that of the as-received Nafion 117 or 
Dow 1065. In contrast, the morphology of films cast without solution processing 
is very different to that of the as-received PFS!. The authors concluded that it 
was this difference in morphology which gives the solution processed films a 
greater insolubility and much stronger mechanical properties. 
Moore, Cable and Croley16, dissolved Nafion, in the tetrabutylammonium form 
in the usual way and the resulting solutions were used to prepare a melt-
processable form of Nafion. 
Nafion in the 1100 ew tetrabutylammonium form was dissolved using the 
standard method. These solutions were then processed by steam stripping (this 
process involved the precipitation in a large excess of boiling deionised water), 
yielding a fluffy white, amorphous precipitate. This precipitate was then dried in 
a vacuum oven at 60°C overnight and ground into a fine powder. 
Samples of this tetrabutylammonium form powder were pressed between steel 
plates at 190°C and 200 psi. The authors claim that some of these membranes 
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were converted to the protonated form by refluxing in 8 M nitric acid. These 
membranes were studied using WAXD. 
The authors conclude that by dissolving and precipitating the polymer, the 
crystallinity is no longer present and by converting the polymer to the 
tetrabutylammonium form, the electrostatic crosslinks are significantly reduced. 
Once these barriers to flow in the semi crystalline N afion 117 are removed, then 
the polymer becomes melt processab1e. 
Moore, Cable and Croley17 extended their earlier work to investigate the melt 
flow properties of this powder using an in-house-manufactured, plunger operated 
melt flow indexer. The melt flow properties of the powder at 205°C and 265 psi 
through a 1.0 mm length die of 1.0 mm diameter. The samples of extruded 
polymer were studied using dynamic mechanical thermal analysis 
The authors conclude that by processing the polymer in this way, the resulting 
powder is amorphous and by converting the polymer to the tetrabutylammonium 
form, the electrostatic cross links are significantly reduced. Once these barriers to 
flow in the semicrystalline as received Nafion membrane are removed, then the 
polymer becomes melt processable. These results supported the conclusions of 
the previous work16. 
In 1993 Tsatsas and Risen18 prepared solutions in the usual way. They dried and 
converted to the protonated form by stirring with 2M nitric acid for 2 hours. This 
powder was redissolved in ethanol to give solutions of up to 20 wt. %. Films were 
cast from these solutions. Differential Scanning Calorimetry (DSC) was used to 
study the thermal properties of these cast films and their far infrared spectra were 
recorded at various temperatures. 
This study showed that for an air dried Nafion film cast from an ethanolic 
solution: at 75°C ethanol held loosely in the ionic intermicellar regions is lost; at 
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100-l30°C water is lost from the ionic regions; at 145°C ethanol strongly bound 
to the side chains is lost; and above 150°C the side chains and backbone 
rearrange. 
In a 1994, Zaluski and Xu20 prepared films of Nafion in the 1100 and Dow in the 
800 ew protonated forms and a blend of the two were made and characterised by 
various methods. Films of each polymer and a blend were made by solution 
processing in DMSO casting, and annealing at 135°C under vacuum. These films 
were compared to each other and as-received membranes using and water 
sorption measurements, WAXD and impedance measurements. 
Water sorption measurements at various relative humidities indicated that the 
solution cast membranes did not sorb as much water as the as-received 
membranes. 
Impedance measurements performed on the solution cast membranes indicated 
the existence, for each membrane, of a y-relaxation between 200 and 235 K 
(depending on the frequency of measurement) - the first time such a relaxation 
has been observed in hydrated PFSr. The room temperature conductivity was 
extracted from the impedance measurements and for the solution cast membranes 
was found to be in the order of 10-6 S cm-I, four orders of magnitude less than 
those of the as-received membranes at 10-2 S cm-I suggesting distinct differences 
between the solution processed cast membranes and the as-received membranes. 
High resolution W AXD of the membranes also showed that there were distinct 
differences between the solution processed cast membranes and the as-received 
membranes. 
The effect of additives on the ionic conductivity in films cast from Nafion 
solutions was studied by Arimura, Ostrovskii, Okada and Xie25• Nafion in the 
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protonated form was dissolved in the usual way. The solutions were processed in 
dimethylformamide with various additives, cast and annealed at 130 - ISO°C. 
The ionomer solutions recast with strategic additives showed improved ionic 
conductivity. The authors suggested a number of recommendations to improve 
the ionic conductivity of the membrane: producing a higher water content 
(addition of moisture absorbing materials), increasing the concentration of 
sulfonic acid groups (addition of organic compounds containing of sulfonic acid 
groups), or modification of the ionic clusters or channels (addition of lipophilic 
particles or changing the orientation of the polymer). 
In summary, solution processing enables the production of mechanically strong, 
insoluble membranes from solutions made in the bomb. The casting temperature 
and annealing have been shown to be an important factor in the casting process. 
By converting the membrane to the tetrabutyl ammonium form prior to 
dissolution, a melt processable powder can be obtained which can be hot pressed 
into films. 
2.1.1.3 Charge Transport and Ion Exchange Properties 
Martin, Rhoades and Ferguson4 coated a glassy carbon electrode with a O.S 
wtlvol% solution in SO:SO ethanol-water made in a pressure vessel to determine 
whether thermal degradation had occurred. The electrode was then placed in a 
solution of methylviologen chloride (MYClz) and the potential was scanned over 
the range where MYz+ is reduced to MY+·. The cyclic voltammograms obtained 
showed that the MYz+ ions were exchanging with the protons in the film. This 
work on the 1100 and 1200 ew membrane was in agreement with previous work 
with the 970 ew version. 
Martin and Dollard6 presented the results of a comparative study of diffusional 
charge transport in films of 1100 and 1200 ew Nafion cast, from solutions made 
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usmg the general dissolution method outlined above, onto glassy carbon 
electrode surfaces. 
Glassy carbon electrodes were polished and coated with a 0.6 wtlvol% solution 
of Nafion in 50:50 ethanol-water. Once the ethanol and water had evaporated the 
electrodes were wrapped in PTFE tape so that only the treated area was exposed. 
The films were preconditioned for at least 6 hours in the supporting electrolyte 
before use. 
Films were loaded with the required electroactive counterion by exposure to a 
solution of the ion in supporting electrolyte. The loading process was followed 
by cyclic voltamrnetry and the quantity of electroactive ion was coulometrically 
determined. 
A standard three electrode cell was used with a platinum flag counter electrode 
and either a saturated calomel or a saturated mercurous sulfate reference 
electrode. Cyclic voltammograms and chronocoulometric transients were 
recorded under nitrogen. 
No significant differences were found in the experimental (apparent) diffusion 
coefficient, DApp, values for Ru(bpy)/+/2+, MV2+/1+, Ru(NH3)63+12+ and 
Co(bpy)/+/2+ in 1100 ew films compared with those in 1200 ew films. The 
authors concluded that the 9% difference in ew does not substantially change the 
morphology of the films. 
Szentirmay and MartinS prepared Nafion solutions for the characterisation of the 
ion exchange selectivity of 1100 ew Nafion cast onto glassy carbon electrodes. 
The polished glassy carbon electrodes were coated with a 0.6 wtlvol% solution 
of 1100 ew Nafion in 50:50 ethanol-water. The resulting films were converted to 
the sodium form by soaking for at least 6 hours in O.IM NaCl04• 
61 
2.0 Literature Review 
The Nafion coated electrodes were then equilibrated with 1 X 10-9 - 3 X 10-7 M 
solutions of the required e1ectroactive cation (Ru(bPY)33+, MV2+, Ru(NH3)l+ and 
FA +) in 0.1 M NaCl04. The equilibrium quantity of each electroactive cation was 
then determined. 
Enormous ion exchange selectivity coefficients (vs. Na+) for the electroactive, 
organic cations of 1 X 104 - 6 X 106 were reported. The authors conclude that 
Nafion shows a tremendous preference for hydrophobic, organic cations, 
supporting the study presented by Prieto and Martin7• 
Moore, Wilkerson and Martin9 prepared solutions from which Nafion films were 
coated onto octadecyl-derivatized silica (ODS) which was used to pack HPLC 
columns and the ion-exchange properties of Nafion were studied. Nafion 
dissolved in the usual way was diluted down to 0.01 % with a 50:50 ethanol-
water mixture and coated onto 5 Ilm ODS. The extent of Nafion deposited was 
quantitatively determined and columns were then packed with ODS and ODS-
Nafion. 
The retention characteristics of the ODS-Nafion columns were evaluated by 
using a series of alkylpyridinium cations as probes. The Nafion was initially in 
the tetramethylammonium (TMA +) form and TMA + was used as the eluent. 
These studies showed that an HPLC procedure can be used as a convenient and 
rapid method for investigating the ion-exchange properties of ionomers. The 
quantitative and qualitative ion-exchange results obtained were the same as those 
obtained, in a far more time consuming manor, in a previous studl. 
The results also corroborate the importance of the hydrophobic interactions (as 
well as the electrostatic interactions) to counterion binding as previously 
discussed7•8• 
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2.1.2 Dissolution of Nafion at Atmospheric Pressure 
A thorough search of the literature revealed only three articles and one patent 
which describe the dissolution of Nafion at atmospheric pressure. 
The first, by Webber et ae9, reports the reflux of protonated Nafion in 
hexamethylphosphortriamide (HMPA) at 200°C for two hours with stirring. Any 
undissolved Nafion (about 10%) was removed and the resulting clear, yellow, 
1.87 wtlvol% solution was used to prepare films for spectroscopic and 
electrochemical investigation. 
The authors did not discuss the implications of the incomplete dissolution of the 
membrane, i.e. the potential fractionation of different equivalent weight or 
molecular weight polymer. 
Thin films were prepared for infra red spectroscopy (transmission and attenuated 
total reflectance, ATR) by evaporation on a glass support, drying under vacuum, 
then the resulting film was stripped off. These films were soaked in 2M 
hydrochloric acid, then in a 10% dimethyl amine solution. 
Some films were converted to the 1,1'dimethyl-4,4'bipyridinium (methyl 
viologen, MV2+) cation form by soaking for two hours in a lXIO·2M solution of 
1,I'dimethyl-4,4'bipyridinium chloride. Nafion 117 in the protonated form was 
used for the A TR work. 
This evaporation technique was used again to prepare samples for x-ray 
photoelectron spectroscopy (XPS) on nickel sample holders. Some samples were 
converted to the potassium form by soaking in a saturated potassium chloride 
solution. N afion 117 was also converted to the potassium form for comparison. 
This technique was again used to coat a glassy carbon electrode which had been 
prepared by polishing to a mirror finish and plasma treated. It was suggested that 
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the plasma treatment made the solution spread more evenly. Before 
measurements were taken, the electrode was soaked in a potassium chloride 
solution for two hours and then water for one day. 
These electrodes were used to perform cyclic voltammetry, with a platinum wire 
counter electrode and a mercurous sulfate reference electrode, at 22°C and an 
aqueous solution of O.2M lithium perchlorate as the supporting electrolyte. 
The IR and XPS studies suggested a close similarity between the cast film and 
Nafion 117. There was also evidence to support the presence of the hydrolysis 
product of HMP A and the necessity of drying the films under vacuum to remove 
the solvent. 
The electrochemical studies indicated that potassium ions can fully replace MV2+ 
and dimethylammonium ions in the Nafion film. This was not supported by the 
XPS results. The authors suggested that this was because the cyclic voltammetry 
studied the interface between swollen membrane and a glassy carbon electrode 
whereas the XPS studied the interface between dry Nafion and a vacuum. 
The second paper, also by Webber et al3o, reports the reflux of protonated Nafion 
in dimethylacetamide (DMAA), at 165°C for twelve hours with stirring. Any 
undissolved Nafion was removed and the resulting clear, colourless, 0.50 
wt/vol % solution was used to prepare films for spectroscopic and 
electrochemical investigation. 
Again the authors did not discuss the implications of the incomplete dissolution 
of the membrane. The techniques used to prepare films and electrodes and the 
electrochemical apparatus used were the same as in the authors' treatment of 
HMPA29• 
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Transmission IR spectroscopy showed that the films prepared in this way 
contained no traces of DMAA. However, the presence of the dimethylammonium 
ion was detected. The electrochemical analysis of the modified electrodes 
suggested that the films cast displayed properties similar to those prepared from 
HMPA, and even alcoholic solution. 
A lack of reproducibility is reported and assigned to inhomogeneities in the 
films, identified by optical microscopy. 
In a patent, by Du Pone!, the dissolution of a series of perfluorinated copolymers 
with PTFE (including Nafion and the shorter pendant side chained PPSI favoured 
by Dow) in organic solvents (including the a1cohols containing up to four carbon 
atoms) at ambient temperature and pressure was declared. The polymer must 
contain at least 14 mole percent sulfonate groups (i.e. an equivalent weight of 
less than SOD). Polymers in a wide range of cation forms were quoted. 
2.1.3 Concentrated Solutions by Solvent Evaporation 
In a paper by P. Aldebert, B. Dreyfus and M. Pineri!2, Nafion in the 1100 ew, 
protonated form was dissolved. The polymer was placed in a high pressure 
reactor with the solvent (a blend of water: ethanoll: 1 was used) and purged with 
nitrogen. The reactor was sealed and heated to 250°C for 1 hour with stirring. 
The concentrations of the solutions from this process were not reported. 
The solutions obtained were heated to SO°C and water was added in ever reduced 
amounts to effectively give a solution in only water. Solutions of 0.5 - 29% 
polymer were obtained in this way. By the addition of ethanol instead of water, 
ethanolic solutions of 0.5 - 23% polymer were obtained. The concentrations 
were determined by gravimetric methods after drying at 120°C. 
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2.2 Determination of the Solubility Parameter 
2.2.1 Determination of the Solubility Parameter of Various Compounds 
2.2.1.1 Determination of the Solubility Parameter from Vapour Pressure Data 
The solubility parameter is given by equation 2.2.1.1-1 32: 
2.2.1.1-1 
where V is the molar volume, t:>.W is the molar vaporisation energy, t:>.1 H is the 
molar enthalpy of vaporisation, R is the gas constant and T is the thermodynamic 
temperature. This equation can also be written as32: 
2.2.1.1-2 
where P is the pressure. Since t.~ H is determined at another (usually elevated) 
temperature, the liquid, an expression for the enthalpy at standard temperature, 
&l ~ is required. 
It has been empirically found32 that below atmospheric pressure: 
111H = l1Hoe-mT 
where m is a constant. In logarithmic form this becomes: 
-mT logl1g H = + logl1Ho 
I 2.303 
2.2.1.1-3 
2.2.1.1-4 
It was these equations (2.2.1.1-1 - 2.2.1.1-4) that were used in 1970 by Hoy32 to 
determine the solubility parameter of over 650 solvents. It was noted that in the 
case of high boiling point liquids, the values obtained from the available vapour 
pressure data were not reliable when extrapolated back to room temperature. 
This method has the advantage of being very simple both practically and in the 
associated calculations. The main disadvantage of this method is that it can only 
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be used for chemicals that evaporate, and is therefore unsuitable for polymers 
such as Nafion. 
2.2.1.2 Determination of the Solubility Parameter of Polymers by Dissolution 
In 1955 Burre1l33 developed a method of estimating the solubility parameter of 
polymers by dissolving the polymer in a series of solvents and the solubility 
parameter of the polymer was said to be equal to that of the solvent in which the 
polymer was miscible in all proportions. 
The advantage with this method is that it is the epitome of simplicity. The main 
disadvantage is that polymers with crosslinking (or crystalline regions acting as 
such, like Nafion) do not dissolve, therefore this method is of limited value in 
these cases. 
2.2.1.3 Determination of the Solubility Parameter of Polymers by Swelling 
The literature on the determination of the solubility parameter of polymers by 
swelling is extensive. A summary of the most relevant is presented here. 
It was Gee34 in 1943 who suggested that the equilibrium swelling measurement 
could be used to estimate the cohesive energy density of polymers. Neglecting 
the entropy of elastic deformation, he showed that maximum swelling occurs in a 
solvent with the same cohesive energy density as the polymer: 
8 =8 ± _I_In Qmax 
s P KVs Q 2.2.1.3-1 
where 8, is the solubility parameter of the solvent, 4 is the solubility parameter 
of the polymer, K is a constant, Q is the swelling coefficient (volume of liquid 
imbibed per unit volume of polymer), Qmax is the maximum swelling coefficient 
and Vs is the molar volume of the solvent. 
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With the advent of the Flory - Rehner35 theory of equilibrium swelling, also in 
1943, attempts were made to estimate the Flory - Huggins interaction parameter 
for a number of liquids from swelling data and therefore to calculate the cohesive 
energy density of polymers. 
The Flory - Huggins interaction parameter, X, for a given polymer and solvent 
pair was estimated using equation 2.2.1.3-2: 
p V 3fv -v 
-In(l- v ) - v _ p s '.;v p p 
p p M 2 
X= c 
v2 P 
2.2.1.3-2 
where vp is the volume fraction of polymer in the swollen gel, Pp is the dry 
density of the polymer and Mc is the molecular weight between crosslinks in the 
polymer. 
Once an estimate of the Flory - Huggins interaction parameter was obtained, a 
variety of methods have been used to calculate the solubility parameter of the 
polymer. These attempts had only limited success because the solvents used 
differed dramatically in their polarity and chemical character, but this method is 
practicable if a suitable series of solvents can be found. 
In 1948, Boyer and Spencer36 developed a method to determine the solubility 
parameter of polymers from swelling measurements based on a refinement of the 
lattice model by Huggins3? .38: 
KV 
'Y = 'V +_s (5 -5 )2 
A As RT S p 2.2.1.3-3 
where X is the Flory - Huggins interaction parameter, Xs (sometimes the notation 
is fJJ is another interaction parameter due to the non-ideal entropy of mixing, R is 
the gas constant and T is the thermodynamic temperature. 
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It can be seen from this equation that the swelling ratio depends not only on the 
difference in the solubility parameters of the polymer and solvent but also on the 
molar volume of the solvent and the entropy term of the FIory - Huggins 
interaction parameter. Equation 2.2.1.3-3 was rearranged to give: 
2.2.1.3-4 
therefore a plot of (X- X,)V,-lVS. ~ will give the solubility parameter of the 
polymer where the plot crosses the x axis. 
In 1958, Bristow and Watson39 used the swelling measurements of a series of 
vulcanised natural and synthetic rubbers in a wide range of solvents with a 
known Flory - Huggins interaction parameter to determine their solubility 
parameter. They used this equation which they derived from equation 2.2.1.3-4 
by assuming that K =: 1: 
2.2.1.3-5 
The solubility parameter was determined by plotting (0; R-1r-1 - XV,-l) vs. the 
solubility parameter of the solvent. The slope of this graph is equal to 2c5p R-1r-1 
and the intercept is equal to - 0:R-1r-1 - ;r,v,-1 . 
The limitations on the assigned cohesive energy densities for the prediction of 
polymer - solvent behaviour was discussed. 
In 1960, Gee40 et al. proposed a modification to Gee's earlier work34, substituting 
the volume fraction of the solvent, v" for KVs: 
.l.ln Qmax 
Vs Q 
2.2.1.3-6 
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By plotting~ifJ, 'In(Qma,Q I) vs. 0: a straight line is obtained which intersects the 
x axis at 4,. 
In 1963 Mangara/1 measured the swelling of polydimethylsiloxane, natural 
rubber, hydropolybutadiene and polyurethane in a large number of liquids. The 
solubility parameter was calculated for each polymer using the swelling 
coefficient, Q, suggested by Gee34• 
The solubility parameter was determined by plotting the swelling coefficient vs. 
the solubility parameter of the solvent. The solubility parameter of the polymer 
was said to be at the maximum value of the swelling coefficient. 
The author concluded that the choice of solvents is very important while 
attempting to determine the solubility parameter from comparative studies such 
as swelling measurements. 
In another paper by Mangaraj42, the swelling of a number of polyacrylates and 
polymethacrylates in a series of alkyl esters was used to estimate their cohesive 
energy densities. 
The solubility parameter was determined by Gee's method34, plotting 
~ln(Q"",Q ') vs. the solubility parameter of the solvent. The solubility parameter 
of the polymer was said to be where the line of best fit crossed the x axis, i.e. 
where ~ln(Q"",Q-') = O. 
It was shown that that the cohesive energy densities for the polyacrylates was 
higher than those of the polymethacrylates. It was also shown that in a 
homologous series, the cohesive energy density decreased as the length of the 
alkyl chain increased. 
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In 1983 Takahashi43 used swelling measurements in both single and binary 
solvents to determine the solubility parameter of five unsaturated polymer resins 
with a varying degree of crosslinking. 
The solubility parameter of each resin was calculated using the methods of 
Gee34, Boyer and Spencer36 and Bristow and Watson39 and these values were 
compared. 
Mostly, the values obtained by these different methods were within 5% of each 
other. However, in extreme cases, a variation of greater than 2.0 Hb (20% of the 
value) between the different methods of calculation were noted. The author 
suggested that this discrepancy was because the plot for Bristow and Watson's39 
method was not in fact linear due to the presence of some polar and some non-
polar regions. 
Errede44 used swelling measurements in a series of aromatic and aliphatic 
solvents to determine the solubility parameter of poly(styrene-co-
divinylbenzene), a cross-linked polymer network. 
The author used a relationship between the magnitude of swelling of the 
polymer, S (in ml of liquid absorbed per gram of polymer in eqUilibrium with 
excess liquid), and the swelling power, C (which is related to the solvent power45 
and can be expressed in terms of the solubility parameter46 and approaches 
maximum when (h;_4,)2 tends to 0): 
2.2.1.3-7 
where A is the average number of carbon atoms in the backbone between cross-
link junctions and Ao-1 is the critical cross-link density of the polymer, above 
which S = O. 
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The solubility parameter of the polymer was obtained from a plot of C vs. the 
solubility parameter of the solvent, 0" the maximum value of C occurring where 
0, = 0,. 
In 1986, Osanaiye47 studied the mechanism and growth of swelling of linear high 
density polyethylene in a variety of solvents. The eqUilibrium solvent uptake was 
used to determine the cohesive energy density of the polymer. 
The solubility parameter of the polymer was determined by plotting the 
equilibrium solvent uptake, a, vs. the solubility parameter of the solvent used, 
the maximum value of aoccurring where 0, = 4. ais given by: 
2.2.1.3-8 
where W is the weight at eqUilibrium swelling and Wo is the dry weight. 
Bajpai and Bajpai48 used swelling measurements to determine the cohesive 
energy density of a polyacrylamide, which was thought to be slightly crosslinked 
due to inter and intramolecular immidization taking place during the 
polymerisation. 
The swelling coefficient, Q, was calculated in various organic solvents using the 
following relationship: 
2.2.1.3-9 
where m is the weight of the swollen polymer, mo is the weight of the dry 
polymer and p is the density of the solvent. The maximum in a plot of Q vs. 0, 
was used to determine 4,. 
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The method of calculation devised by Gee et al. from 1960 was also used to 
determine 4, plotting ~t/I, 'In(Q,,,,,Q-') vs. 0, giving a straight line which 
intersected the x axis at 4. 
In 1992, Yagi49, Inomata and Saito used swelling measurements in a series of 
organic solvents, at 25°C, to determine the solubility parameter of an 
N-isopropylacrylamide gel. 
The swelling ratio of the gel, Q, was calculated from the diameter at equilibrium 
swelling, d: 
Q=(~J 2.2.1.3-10 
where do is the diameter of the dry gel. 
Another variation on Gee's original theme34 was used to determine the solubility 
parameter of the gel: 
In(Qmax)=aQCcS -cS )2 Q S P 2.2.1.3-11 
where a is a constant. By plotting ~Q-lln(Q"",Q-l) vs. 0, the solubility parameter 
of the polymer is given where the straight line cuts the x axis. This method has 
also been favoured by some more recent papers50,51. 
The main advantages with this method are that it is simple and it can be used for 
crosslinked polymers. Between the use of swelling measurements and the 
dissolution work of Burre1l33 the solubility parameter of virtually all types of 
polymer can be determined, provided that a suitable series of solvents can be 
found. 
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2.2.1.4 Determination of the Solubility Parameter of Polymers by Viscosity 
Measurements 
In 1958, Bristow and Watson52 investigated the possibility of a correlation 
between solution viscosity and the equilibrium swelling properties for natural 
rubber. 
The viscosity of a soluble polymer and the eqUilibrium swelling of a polymer 
network immersed in a solvent depend on similar factors. In both cases, the 
expanding force of the free energy of mixing is in balance with the retracting 
force of the decrease in free energy due to the reduced number of configurations 
(predominantly an entropic effect). 
The authors conclude that as expected, there is a fairly smooth direct relationship 
between solution viscosity and equilibrium swelling properties for the natural 
rubber studied. 
Also in 1958, Bristow and Watson53 used the viscosity measurements to 
determine the solubility parameter of polymethyl methacrylate, polystyrene and 
polyvinyl chloride. 
The J: values for the different polymer - solvent systems were derived from 
the Flory - Fox theorl4 with the introduction of the Flory - Huggins lattice 
approximation55•56 from the following expression: 
2.2.1.4-1 
where x is the chain length, Vs is the molar volume of the solvent, M is the 
molecular weight of the polymer, C'MK is a constant, [17] is the limiting (or 
intrinsic) viscosity and [171 e is the viscosity when polymer of infinite molecular 
weight is just soluble. 
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Once the interaction parameter is known, the data can be processed in the same 
way as the swelling data (e.g. equation 2.2.1.3-5 for Bristow and Watson's 
previous swelling method). 
In 1963, Mangaraj et al.57 reported that the solubility parameter of a polymer 
could be obtained from a plot of the intrinsic viscosity vs. the solubility 
parameter in a similar way to that of the swelling coefficients previously 
reported41 : 
1]sp :=[1]]- KVs (8 -8 )2C 
C RT s P 2.2.1.4-2 
where 1]sp is the specific viscosity, K is a constant and C is the concentration of 
the polymer. This method was used again in another communication by this 
group58 and also in 1982, Srivastava59 et al. 
2.2.1.5 Determination of the Solubility Parameter of Polymers from Thermal 
Transition Behaviour 
In 1992, Tanaka60 proposed a method to determine the solubility parameter of a 
polymer, from its thermal transition behaviour for both amorphous and 
crystalline morphologies. Tanaka uses: 
2.2.1.5-1 
where ha is the cohesive enthalpy per molar structural unit and Va is the molar 
volume. 
For amorphous polymers, at a temperature below the glass transition 
temperature: 
2.2.1.5-2 
where hg is the glass and hs is the transition enthalpy per molar structural unit of 
the localised solid parts in a polymer glass and is given by: 
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2.2.1.5-3 
where LIh is enthalpy change per molar structural unit due to the disappearance of 
the localised solid parts just above the glass transition temperature. 
For crystalline polymers at a temperature between the glass transition 
temperature and the melting temperature: 
2.2.1.5-4 
and at a temperature below the glass transition temperature: 
2.2.1.5-5 
where hu is the enthalpy of fusion per molar structural unit and hx is the enthalpy 
of transition per molar structural unit due to quasicrystals in the amorphous 
regIOn. 
These treatments were applied to a variety of amorphous and crystalline 
polymers and were in close agreement to the literature solubility parameter 
values. 
2.2.1.6 Determination of the Solubility Parameter of Polymers by Gas - Liquid 
Chromatography 
In 1982, Fernandez-Berridi et al61 and in 1983, Galin62 used gas - liquid 
chromatography to determine the solubility parameter of polymers. The Flory -
Huggins interaction parameter was calculated from retention times and the 
solubility parameter was calculated in the usual way (e.g. equation 2.2.1.3-3). 
2.2.1.7 Determination of the Solubility Parameter of Polymers by Chemical 
Group Contribution Techniques 
Chemical group contribution methods have been used to estimate the solubility 
parameter and molar volumes of polymers. Tables of these values were presented 
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by Sma1l63, Hol2, van Krevelen64 and van Krevelen and Hoftyzer65 and later 
collected66• 
The methods of Small and van Krevelen use the following equation: 
"F Pi "J' FJ. 8. = L...j J L... 
I V. M 
I i 
2.2.1.7-1 
where Pi is the density of polymer i, Mi is the molecular weight of polymer i and 
F is the molar attraction constant and is given by: 
F=~t.EV.. ) I,) ~.J 2.2.1.7-2 
Values of Fj for different groups were tabulated. 
The technique used by Hoy and van Krevelen and Hoftyzer use the following 
relationship: 
2.2.1.7-3 
where /',.ej is the contribution to the energy of vaporisation by group j and nj is the 
number of groups of typej. Values of /',.ej for different groups were tabulated. 
2.2.2 Determination of the Solubility Parameter of Nafion 
In 1980, Yeo67 determined the solubility parameter of various equivalent weight 
Nafion in a variety of cation forms by swelling in pure solvents, swelling in 
mixed solvents, Small's group contribution technique and from thermal transition 
data. 
When the polymer was swollen in a variety of polar solvents and the solvent 
uptake was plotted against the solubility parameter of the solvent. The result was 
somewhat surprising in that two distinct areas of swelling and two different 
peaks were reported. 
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The solubility parameter was then calculated using the method of Bristow and 
Watson39. Again, two solubility parameters were reported, one at 9.68 Rb and 
another at 17.27 Rb for 1200 ew Nafion-R and one at 10.08 and another at 16.71 
for 1100 ew Nafion-R, calculated from the slopes. The author suggested that the 
one at about 10 Rb was due to the PTFE backbone and the one at about 17 Rb 
was due to the sulfonic acid groups. 
The calculations of the solubility parameter in mixed solvents were based on 
work published by Grot68 with binary blends of isopropanol and water, 
ceJIosolve and water and diglyme and water. The lowest possible solubility 
parameter of the solvent blends used was that of pure diglyme, -9.5 Hb, and the 
highest possible was that of pure water, 23.4 Rb. 
The solubility parameter of the solvent blend, OmL" was calculated using the 
following relationship: 
2.2.2-1 
where Va and 4z are the volume fraction and solubility parameter respectively of 
component a and Vb and bb are the volume fraction and solubility parameter 
respectively of component b. 
When the percentage increase in weight on swelling of Nafion-R was plotted 
against the solubility parameter of the solvent blend the maximum swelling 
appeared between 16 and 17 Hb, similar to the second envelope observed with 
the single solvents. Only one solubility parameter was observed with each 
solvent blend. The magnitude of the swelling envelopes with the solvent blends 
was greater than that of the single solvents. 
When Small's63 group contribution method was applied to Nafion, the F value 
for the sulfonic acid group was not available. This was calculated the solubility 
parameter of CF3S03R (10.9 Rb), giving F = 690 call!2cm312. The solubility 
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parameters of 1100 ew and 1500 ew Nafion-H were subsequently calculated at 
7.6 Hb and 7.2 Hb respectively. 
The literature glass transition temperature was then used to calculate a solubility 
parameter of 9.28 Hb for Nafion precursor CTg == 1O°C69), 10.93 Hb for Nafion-H 
(Tg = 1100C 70) and 12.39 Hb for Nafion-Cs (Tg = 212°C70). 
In 1986, Yeo and Cheng71 studied the effect of cation form on the solubility 
parameter of 1100 ew Nafion. Up to three swelling envelopes were suggested, 
although the third was due to only one solvent, formamide, in all cases. The 
authors noted that the counterion drastically effected the magnitude of the 
solvent uptake, with H+> Li+> Na+> K+. 
2.2.3 Relationships Between Solubility Parameters and Surface Energies 
Hildebrand and Scott46 developed an empirical equation relating the solubility 
parameter of non-polar liquids with their surface tension: 
( )
0.43 
8=4.1 .Ju3 2.2.3-1 
where y is the surface tension. A total of 23 different liquids were used for their 
calculation to give an excellent fit. 
In 1970, Lee72 developed a similar empirical equation relating the solubility 
parameter of polar, oxygen containing liquids, such as alcohols, amides, 
carboxylic acids, ethers, esters, ketones and nitro compounds, with their surface 
tension: 
( )
0.56 
8=3.6 013 2.2.3-2 
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A total of 63 different liquids were tested. A least squares correlation coefficient 
of 0.985 for saturated ethers, esters and amides was obtained. Poor correlation 
coefficients were obtained for the other polar liquids. 
It was also found that polar liquids not containing oxygen followed Hildebrand 
and Scott's equation. 
In 1970 Hansen73 characterised surfaces by determining which liquids would 
spread spontaneously (Le. the liquid and surface were of similar energy) on them, 
in an analogous way to the determination of a solubility parameter using swelling 
experiments. 
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3.0 Experimental 
3.1 Solubilisation of Nafion 
3.1.1 Dissolution at High Temperature and Pressure 
Nafion membrane, in the protonated, form absorbs water and reactive 
organic volatiles from the surrounding air. Because of the super acid catalytic 
properties of Nafion, these reactive organic volatiles may undergo chemical 
changes and combine to form larger compounds, that are in the liquid or even 
solid state. 
Over time these organic residues build up and the colour of the Nafion changes 
from colourless to yellow, then brown and eventually black. The chemical nature 
of the Nafion is not directly changed by this process but in extreme cases the 
residue can build up to the point where the functionality of the membrane is 
reduced. 
To remove the discoloration, the as received membrane was boiled in gM nitric 
acid for about eight hours This cleaning process also ensured that the membrane 
was in the protonated form. The membrane was then boiled in deionised water 
and the water repeatedly changed until the pH was neutral followed by two more 
washings. 
The membrane used in the protonated form were then dried in an oven at 60°C 
under vacuum, overnight. Others were converted to the lithium, sodium and 
potassium forms by stirring overnight in a large excess of the hydroxide of the 
required cation and then repeatedly in water, until the water was no longer 
alkaline then twice more. 
Hydroxides were used for the cation exchange process as their reaction with the 
hydrogen ions to form water reduces the chance of the hydrogen ions exchanging 
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back as they could with a chloride, for example. The membrane was then dried in 
an oven at 60°C under vacuum, overnight. 
The required proportions of water, alcohol and clean Nafion in the desired cation 
form were then sealed in a Parr 4842 stirred reactor (section 3.1.1.1). The reactor 
was then flushed with nitrogen (oxygen free), while being stirred, for about five 
minutes. 
The bomb was then heated to the required temperature, taking 65 - 120 minutes, 
while being stirred. After the bomb had been at temperature for the required time, 
usually 60 or 120 minutes, it was cooled by passing water through the cooling 
loop, taking 20 - 25 minutes. 
Once the bomb had cooled to approximately room temperature, any residual 
pressure (created by a side reaction - the acid catalysed dehydration of ethanol to 
form diethyl ether) was released and the bomb was opened. 
If there was any Nafion that was not dissolved then the run was classed as a "did 
not dissolve" and the mixtures discarded even if the vast majority of the polymer 
had dissolved. It was considered that this was the ideal conclusion because 
Nafion 1100 equivalent weight is in fact a blend of a variety of equivalent 
weights with a mean ion exchange capacity of 1100 g mor! of sulfonic acid 
groups. Therefore there are potential problems with the preferential dissolution of 
lower equivalent weight or even lower molecular weight polymer. 
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3.1.1.1 Parr 4842 Stirred Reactor! 
The diagram below (figure 3.1.1.1.1) shows a Parr 4842 stirred reactor or bomb: 
B-F=='== 
D -t-------::i~~~ 
Figure 3.1.1.1.1: Parr 4842 Stirred Reactor 
A 
C 
E 
F 
G 
H 
I 
J 
Although the bomb has a maximum capacity of 300 cm3, it was never filled in 
excess of 200 cm3 to avoid excessive pressure build-up. The maximum pressure 
limit of the bomb is 3000psi (20.8MPa) but it is protected by a rupture disk 
within a housing fitted to the head (C) which ruptures at 2000psi. It has a 
temperature limit of 350°C. 
The dip tube (G) can be used to flush the bomb and contents with a gas such as 
nitrogen. The stirrer shaft (H) is connected to a completely enclosed magnetically 
coupled driver. Thus, the integrity of the seal is not compromised. The drive uses 
neodymium - iron - boron permanent magnets. The stirrer has variable speed 
control. 
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The Teflon seal (E) is housed in the head of the bomb. The bomb is closed by 
placing the head onto the body (J), applying the two clamps (D), and tightening 
the six bolts (A). The closing ring (B) is then slid up around the clamps. Once the 
bomb is sealed it is placed into a holder, the motor attached to the magnetic 
driver and a close fitting heater is slid up over the main body up to the closing 
nng. 
There is a pressure transducer fitted to the head of the bomb. This transducer and 
the thennocouple (F) are connected to a controller unit which gives a reading of 
the temperature and pressure and controls the rate of heating. The controller unit 
also has an electronic safety cut out for the desired temperature and/or pressure. 
Water can be flushed through the cooling loop (I) at the end of a run to accelerate 
the cooling of the contents of the bomb. 
3.1.2 Dissolution in a Microwave Bomb 
The as received membrane was cleaned as described in section 3.1.1. The 
required proportions of water, alcohol and clean, protonated Nafion were then 
sealed in a Parr acid digestion bomb (section 3.1.2.1). This bomb was then heated 
in a 650W variable power microwave oven at 40 - 62% power for 90 - 200 
seconds. The bomb was allowed to cool for at least 90 minutes and then opened. 
Again, if there was any Nafion that was not dissolved then the run was classed as 
a "did not dissolve" and the mixtures discarded due to the potential problems of 
preferential dissolution of lower equivalent weight or lower molecular weight 
polymer. 
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3.1.2.1 Parr 4781 Microwave Acid Digestion Bomb2 
The diagram below (figure 3.1.2.1.1 ) shows a Parr microwave acid digestion 
Figure 3.1.2.1.1: Parr 4781 Microwave Acid Digestion Bomb. 
Although the bomb has a maximum capacity of 23 cm3, it was never filled in 
excess of 15 cm3 to avoid excessive pressure build-up. The bomb has a 
temperature limit of 250°C. The working pressure limit of the bomb is l200psi 
and at this pressure, the compression disk fitted (C), is compressed to the extent 
that the cup lid (F) lifts and the seal made by the O-ring (G) is broken and the 
contents of the bomb escape through the relief port CE). 
The body of the bomb (1), the screw cap (B), the pressure plate (D) and the 
bottom plate (J) are all made of a high strength, microwave transparent polymer. 
The pressure indicator CA), cup lid, O-ring and cup (H) are made of 
polytetrafluoroethylene. 
Microwaves are a form of electromagnetic radiation with a wavelength of 
between 1.0 X 1O-3m and 3.0 X 1O·1m. A microwave heats because the dipole in 
polar solvents aligns itself with the electric field produced by the microwave. As 
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the wave moves through the sample it causes the dipole, still aligning with the 
field, to rotate very fast, heating the solvent by friction. 
3.1.3 Reflux Dissolution 
The as received membrane was cleaned as described in section 3.1.1. Some 
membrane was converted to the lithium, sodium, potassium, caesium and 
tetrabutyl ammonium forms by stirring overnight in a large excess of the 
hydroxide of the required cation and then repeatedly in water, until the water was 
no longer alkaline then twice more. The Nafion was then dried in an oven at 
80°C for about four hours. 
The appropriate proportions of the selected high boiling point solvent and Nafion 
115 in the required cation form were measured into a three necked round 
bottomed flask with a few anti - bumping beads. 
A condenser, thermometer and stopper were fixed to the flask and was heated, 
using an isomantle. The reflux was maintained for six hours. Once the flask had 
cooled, typically 30 - 40 minutes, the contents were examined. 
Again, if there was any Nafion that was not dissolved then the run was classed as 
a "did not dissolve" and the mixtures discarded due to the potential problems of 
preferential dissolution of lower equivalent weight or lower molecular weight 
material. 
3.1.4 Concentrated Solutions by Solvent Evaporation 
The as received membrane was cleaned as described In section 3.1.1. The 
required proportions of water, alcohol and clean, protonated Nafion were then 
sealed in a Parr 4842 stirred reactor. The reactor was then flushed with nitrogen 
(oxygen free), while being stirred, for about five minutes. 
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The bomb was then heated to 250°C, taking about 90 minutes, while being 
stirred. After the bomb had been at temperature for 60 minutes, it was then 
cooled by passing water through the cooling loop, for about 25 minutes. Once the 
bomb had cooled to room temperature, any residual pressure was released and 
the bomb was opened. 
The solutions made were concentrated by evaporation in a rotary evaporator for 
about 40 hours at 70°C under vacuum. These solutions were spiked periodically 
with either water or alcohol so that in effect only one of the components was 
removed, i.e. the new solutions were of higher concentration and dissolved in 
either an alcohol or water rich mixture. 
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3.2 Determination of the Solubility Parameter of Nafion 
3.2.1 Determination of the Solubility Parameter of Nafion by Swelling Methods 
Circles of as received Nafion, 16mm in diameter, were cut using a cork borer. 
Circles were chosen due to the anisotropic nature of Nafion arising from the 
extrusion of the sulfonyl fluoride precursor during the manufacturing process. If 
a circle swells in an anisotropic manner, an ellipse is formed which has an 
obvious length and width unlike a distorted square. 
The circles of as received membrane were cleaned as described in section 3.1.1. 
This cleaning process caused the samples to change shape from circles to ellipses 
while they were boiled in, and swollen by, the nitric acid. The samples remained 
elliptical after drying. This change in the geometry of the samples was accounted 
for in the calculations. 
Some of the membrane samples were converted to the lithium, sodium, 
potassium, and caesium forms by stirring overnight in a large excess of the 
hydroxide of the required cation and then repeatedly in water, until the water was 
no longer alkaline then twice more. The circles were then dried in an oven at 
80°C for about four hours. 
The dimensions of the dry membrane samples were then measured using 
callipers, weighed and then swollen in a series of non-polar and a series of polar 
solvents of increasing solubility parameter. The membrane samples were allowed 
to swell for one week. 
The samples were transferred from their solvent vials to a petri dish containing 
that solvent then measured again. The samples were then blotted on filter paper 
and weighed again. The percentage increase in mass or volume was then plotted 
against the solubility parameter of each solvent used. 
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3.2.2 Determination of the Solubility Parameter of Polymers by Contact Angle 
Measurements 
Samples of polytetrafluoroethylene, polyethylene, polypropylene, polyethylene 
terephthalate, Nafion-H, Nafion-Li, Nafion-Na and Nafion-K (for the Nation 
samples, the as received membrane was cleaned and converted to the required 
cation as described in section 3.1.1) were cleaned in an ultrasound bath in 
methanol and then in heptane. 
The contact angle of water and diiodomethane were measured on these samples 
using an instrument designed and built by Dr. Ian Sutherland at the Department 
of Chemistry at Loughborough University. This instrument consists of a syringe 
passing through a small hole into a thermostatted box, with provision to saturate 
the air within with the required solvent (either water and diiodomethane). This 
box is mounted on an optical bench, monitored by a digital camera attached to a 
computer. 
The software used to process the images of the advancing and receding contact 
angles taken by the digital camera was written by Dr. Ian Sutherland at the 
Department of Chemistry at Loughborough University. 
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3.3 Swelling of Nation in Binary and Ternary Solvent Blends 
Circles of as received Nafion, 16mm in diameter, were cut using a cork borer. 
The circles of as received membrane was cleaned as described in section 3.1.1. 
This cleaning process caused the samples to change shape from circles to 
ellipses. This was accounted for in the calculations. 
Some membrane samples were converted to the lithium, sodium and potassium 
forms by stirring overnight in a large excess of the hydroxide of the required 
cation and then repeatedly in water, until the water was no longer alkaline then 
twice more. The membrane samples were then dried in an oven at 80°C for about 
four hours. 
The dimensions of the dry membrane samples were then measured usmg 
callipers, weighed and then swollen in a series of binary and ternary solvent 
blends containing water and either one or two of: methanol, ethanol, diethyl 
ether, I-propanol, 2-propanol and I-butanol. 
After one week, the samples were transferred from their solvent vials to a 
petri dish containing that solvent blend then measured again. The samples 
were then blotted on filter paper and weighed again. The percentage increase 
in mass or volume was then plotted against the solubility parameter of each 
solvent used. 
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3.4 Dissolution of Phase Inverted Nafion Powder 
The as received membrane was cleaned as described in section 3.1.1. The 
required proportions of water, ethanol and clean, protonated Nafion to make a 15 
wt.% solution were then sealed in a Parr 4842 stirred reactor and solutions were 
made in the usual way (section3.1.l). 
These 15 wt.% solutions were then gently heated (about 60°C) on a hotplate for 
about 30 hours with stirring. The volume of solution was kept roughly constant 
by periodically adding water. The purpose of this process was to greatly reduce 
the proportion of volatiles (ethanol and diethyl ether) in the solvent blend. 
The mainly aqueous solution was then dried using a Savant ModulyoD freeze 
drier to form a fibrous matt of phase inverted Nafion. This matt was then ground 
using a Moulinex coffee grinder and the resulting powder sieved through a 
l25J.!m sieve and the <l25J.!m fraction collected. 
Ternary mixtures of this powder, water and either methanol, ethanol, I-propanol 
or I-butanol were prepared and sealed in 50 cm3 glass bottles. The bottles 
were then placed on a roller bed and the contents were thoroughly mixed for five 
days. 
In preliminary experiments, ternary mixtures with an excess of the Nafion 
powder were prepared and mixed. Any undissolved polymer was removed and 
the concentrations of the resulting solutions were gravimetricly determined. 
These results were used only as a guide because not all of the polymer had 
dissolved so fractionation of higher equivalent weight or molecular weight 
polymer was possible. Samples were then prepared with exact proportions and 
any containing undissolved polymer were classed as "did not dissolve". From 
this data a ternary diagram for each system was constructed. 
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3.5 Production of Membranes from Nafion Solutions 
3.5.1 Casting of Membranes from Nafion Solutions 
The as received membrane was cleaned as described in section 3.1.1. The 
required proportions of water, ethanol and clean, protonated Nafion to make a 15 
wt. % solution were then sealed in a Parr 4842 stirred and made in the usual way 
Section 3.1.1). 
These solutions were then mixed with an equal volume of either dimethyl 
sulfoxide, ethylene glycol, propylene glycol or dimethyl acetamide and slowly 
heated to 100°C on a hotplate with stirring to effectively remove the ethanol, 
diethyl ether and water. 
These solutions were then poured into a petri dish and heated in an oven at 100 -
160°C, sometimes under nitrogen, until all the solvent had evaporated and the 
resulting membrane was removed. Some of the films could easily be removed but 
others had to be soaked in water, removed and dried. 
3.5.2 Production of Melt Processable Nafion 
The as received membrane was cleaned as described in section 3.1.1. The 
required proportions of water, ethanol and clean, protonated Nafion to make a 15 
wt. % solution were then sealed in a Parr 4842 stirred reactor and the solutions 
were made in the usual way (section 3.1.1). 
These 15 wt.% solutions were then gently heated (about 60°C) on a hotplate for 
about 30 hours. The volume of solution was kept roughly constant by 
periodically adding water. The purpose of this process was to greatly reduce the 
proportion of volatiIes (ethanol and diethyl ether) in the solvent blend. 
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The mainly aqueous solution was then dried using a Savant ModulyoD freeze 
drier to form a fibrous matt of phase inverted Nafion. This matt was then ground 
using a Moulinex coffee grinder and the resulting powder was sieved through a 
90llm sieve and the <901lm fraction collected. 
Nafion powder was either used in the protonated form or converted to the 
tetrabutyl ammonium form by stirring overnight in a solution of tetrabutyl 
ammonium hydroxide and then boiled in deionised water and the water 
repeatedly changed until the pH was neutral followed by two more washings. 
These powders were then pressed, between steel plates with a PET backing, in a 
hot press at various temperatures (120 - 200°C) for various times (10 - 300 
seconds) at various pressures (1 - 10 tonnes). Some samples were left at 
temperature (30 - 300 seconds) before pressing. The resulting membranes were 
removed from the backing. 
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3 6 Materials . 
Nafion 115 Kindlv suoolied bv Innogv 
Water, HPLC grade Taken from an Elgastat Maxima purifier 
Methanol Purchased from Fisher Scientific 
Ethanol Purchased from Fisher Scientific 
I-Prooanol Purchased from Avocado 
2-Prooanol Purchased from Avocado 
I-Butanol Purchased from Avocado 
I-oentanol Purchased from Avocado 
2-ethyII-hexanol Purchased from Avocado 
benzvl alcohol Purchased from Avocado 
glvcerol Purchased from Avocado 
ethylene glycol Purchased from Avocado 
loroovlene 2:lvcol Purchased from Avocado 
diethylamine Purchased from Avocado 
triethvlamine Purchased from Avocado 
Lithium hvdroxide Purchased from Fisher Scientific 
Sodium hydroxide Purchased from Fisher Scientific 
Potassium hvdroxide Purchased from Fisher Scientific 
Caesium hvdroxide Purchased from Fisher Scientific 
Tetrabutyl ammonium hydroxide 
40wt% methanolic solution 
Purchased from Avocado 
Sodium sulfide nonohydrate Purchased from Aldrich 
Nitric acid Purchased from Fisher Scientific 
Acetic acid Purchased from Fisher Scientific 
Hydrochloric acid Purchased from Fisher Scientific 
Sulfuric acid Purchased from Fisher Scientific 
Dimethvl acetamide Purchased from Avocado 
Dimethvl sulfoxide Purchased from Avocado 
Formamide Purchased from Avocado 
Dichloro methane Purchased from Lancaster 
Diiodomethane Purchased from Lancaster 
Chloroform Purchased from Avocado 
n-Dodecane Purchased from Avocado 
n-Octane Purchased from Avocado 
n-Hexane Purchased from Avocado 
n-Pentane Purchased from Avocado 
n-Decane Purchased from Avocado 
Cvclooentane Purchased from Avocado 
Cvc10hexane Purchased from Avocado 
Diethyl ether Purchased from Fisher Scientific 
Table 3.6: Matenals Used and Source 
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3.7 References 
1. Parr Operating Instructions, Number 348M. 
2. Parr Operating Instructions, Number 243M. 
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4.0 Results and Discussion 
4.1 Solubilisation of Nafion 
Suitable solvents for the dissolution of polymers can usually be identified by 
considering the compatibility of their chemical nature which, for dissolution to 
occur, should be similar. Consideration of the solubility parameters of the 
polymer and potential solvent can also be used to predict whether solubility is 
likely. 
As discussed in section 1.2.2, the enthalpy of mixing can be written in terms of 
the solubility parameter: 
4.1-1 
where Vs is the volume fraction of the solvent and vp is the volume fraction of the 
polymer. ~ is the solubility parameter of the solvent and 0;, is the solubility 
parameter of the polymer. 
Inspection of equation 4.1-1 shows that the enthalpy of mixing is always 
positive, opposing dissolution. This effect is minimised as the values of o for the 
solvent and polymer become closer. As a rough heuristic principle, for a polymer 
to be soluble in a given solvent: 
4.1-2 
The solubilisation of a polymer is a slow process that occurs in two stages. First 
solvent molecules diffuse into the polymer resulting in a swollen gel. If there is 
crystallinity, crosslinking or strong hydrogen bonding within the polymer then a 
swollen gel is obtained and dissolution may not occur. If the polymer-polymer 
interactions can be overcome by replacing them with strong polymer-solvent 
interactions, then the second stage of dissolution can take place. Here the gel 
gradually disintegrates into a true solution. 
100 
Chapter 4.0 - Results and Discussion 
Although Nation does not contain any crosslinks, it does have crystallinity within 
the PTFE backbone (5-10% crystalline 1) and very strong interactions between the 
sulfonic acid groups (or sulfonate groups, depending on the cation form) which 
inhibit dissolution at room temperature. 
To further complicate the selection of a solvent for Nation, Yeo2 presented 
evidence that the 1100 and 1200 ew forms of Nation exhibit dual cohesive 
energy densities (and therefore dual solubility parameters). For Nation-H 
1100 ew /) = 9.6, 17.4 Hb and for Nation-H 1200 ew /) = 9.7, 17.3 Hb. Yeo 
showed, by swelling experiments, that Nation interacts more strongly with binary 
solvent blends than with any single solvent. 
With the blends studied, one component of the solvent blend was thought to 
interact more strongly with the hydrophobic PTFE backbone region and the 
other component of the solvent blend was thought to interact more strongly with 
the hydrophilic sulfonic acid groups. However, no binary solvent blend studied 
dissolved Nation at room temperature, because of the crystallinity within 
the PTFE backbone and very strong interactions between the sulfonic acid 
groups. 
4.1.1 Dissolution at High Temperature and Pressure 
Martin, Rhoades and Ferguson3 were the tirst group to publish a method for 
the dissolution of PFSls. They used a binary blend of water and low 
aIiphatic alcohols (ethanol or propanol), that is now considered the standard 
method. However, an investigation was not made into the effects of the 
proportions of water and the alcohol within the solvent blend, cation 
form or temperature on the dissolution process in this, or subsequent 
studies4•24• 
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4. 1. 1. OlDissolution ofNafion-H in a blend of methanol and water at 225 't: 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 75 minutes to heat up to 225°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.01, figure 4.1.1.01 and rescaled to 
show the area of interest in figure 4.1.1.01a. 
Nafion-H i MeOH I Water Dissolved? Phases Pressure 
(Wt%) I (Wt%) i (Wt%) present (PSI) 
1.0 
I 
42.0 I 57.0 
No solid, liquid 807 
1.0 44.0 55.0 Yes liquid 829 
2.0 42.0 I 56.0 No solid, liquid 835 
2.0 44.0 54.0 Yes liquid 862 
3.0 42.0 55.0 No solid, liquid 870 
3.0 44.0 53.0 Yes liquid 886 
4.0 42.0 54.0 No solid, liquid 905 
4.0 44.0 52.0 Yes liquid 934 
5.0 42.0 53.0 No solid, liquid 946 
5.0 44.0 51.0 Yes liquid 949 
6.0 44.0 50.0 No solid, liquid 959 
6.0 46.0 48.0 Yes liquid 999 
7.0 44.0 49.0 No solid, liquid 998 
7.0 46.0 47.0 Yes liquid J005 
8.0 44.0 48.0 No solid, liquid 1006 
8.0 46.0 46.0 Yes liquid 1009 
9.0 44.0 47.0 No solid, liquid 1010 
9.0 46.0 45.0 Yes liquid JOB 
10.0 44.0 46.0 No solid, liquid 1003 
10.0 46.0 44.0 Yes liquid 1010 
10.0 53.0 37.0 Yes liquid 1022 
10.0 60.0 I 30.0 Yes liquid 1048 11.0 46.0 
I 
43.0 No solid, liquid 1007 
11.0 53.0 39.0 No solid, liquid 1024 
11.0 60.0 29.0 No solid, liquid 1056 
Table 4.1.1.01: Solubility at 25°C ofNafion-H in MeOHlWater Heated to 225°C 
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Figure 4.1.1.01: Solubility at 25°C ofNafion-H in MeOHfWater Heated to 225°C 
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Figure 4.1.1.01a: Solubility at 25°C ofNafion-H in MeOH/Water Heated to 225°C 
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Once the bomb had cooled, it was noted that there was a residual pressure. This 
was ascribed to the production of dimethyl ether via acid catalysed dehydration 
of methanol in an analogous way to that previously reported for a water / ethanol 
solvent blend4• Dimethyl ether has a boiling point of -25°C at atmospheric 
pressure so at room temperature the dimethyl ether formed had to be released, as 
a vapour, before the bomb could be opened. At high polymer concentrations a 
residual pressure in excess of 300 PSI was present. 
The general trend is that an increasingly methanolic solvent blend was required 
to dissolve an increasing amount ofNafion-H. Solution concentrations of 10 wt% 
were achieved. The very sharp change in the slope of the phase boundary, when 
the maximum polymer concentration was reached is probably due to the prolific 
production of dimethyl ether. At this point there may not have been enough 
methanol left to dissolve more Nafion. 
The dissolution ofNafion-H in methanol and water at 250°C was attempted but 
this work had to be abandoned because the pressures involved were higher than 
the equipment could control, even at low polymer concentrations (the 
manufacturer states that the bomb has a working pressure limit of 1500 PSI with 
a 2000 PSI rupture disc fitted). The dissolution of 2-propanol at 225°C was also 
attempted but this work also had to be abandoned because the pressures involved 
were higher than the equipment could control, even at low polymer 
concentrations. 
4.1.1.02 Dissolution of Nafion-H in a blend of ethanol and water at 225 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 75 minutes to heat up to 225°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.02 and figure 4.1.1.02, rescaled to 
show the area of interest as before. 
104 
Chapter 4.0 - Results and Discussion 
A residual pressure was again observed after cooling the bomb. With a solvent 
blend of ethanol and water at 225°C residual pressures of up to 100 PSI were 
noted for the high polymer content runs. The boiling point of diethyl ether is 
34.5°C so lower pressures were expected. 
Nafion-H EtOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.0 32.0 67.0 No solid, liquid 506 
1.0 34.0 65.0 Yes liquid 512 
2.0 32.0 66.0 No solid, liquid 547 
2.0 34.0 64.0 Yes liquid 569 
3.0 32.0 65.0 No solid, liquid 552 
3.0 34.0 63.0 Yes liquid 578 
4.0 32.0 64.0 No solid, liquid 607 
4.0 34.0 62.0 Yes liquid 661 
5.0 32.0 63.0 No solid, liquid 633 
5.0 34.0 61.0 Yes liquid 662 
6.0 32.0 62.0 No solid, liquid, liquid 652 
6.0 34.0 60.0 Yes liquid, liquid 674 
7.0 32.0 61.0 No solid, liquid, liquid 657 
7.0 34.0 59.0 Yes liquid, liquid 673 
8.0 32.0 60.0 No solid, liquid, liquid 659 
8.0 34.0 58.0 Yes liquid, liquid 681 
9.0 32.0 59.0 No solid, liquid, liquid 658 
9.0 34.0 57.0 Yes liquid, liquid 677 
10.0 32.0 58.0 No solid, liquid, liquid 660 
10.0 34.0 56.0 Yes liquid, liquid 670 
11.0 32.0 57.0 No solid, liquid, liquid 665 
11.0 34.0 55.0 Yes liquid, liquid 678 
12.0 32.0 56.0 No solid, liquid, liquid 673 
12.0 34.0 54.0 Yes liquid, liquid 687 
13.0 34.0 53.0 No solid, liquid, liquid 692 
13.0 36.0 51.0 Yes liquid, liquid 703 
13.0 46.0 41.0 Yes liquid, liquid 781 
14.0 36.0 50.0 No solid, liquid, liquid 706 
14.0 40.0 46.0 No solid, liquid, liquid 736 
14.0 46.0 40.0 No solid, liquid, liquid 791 
Table 4.1.1.02: SolubIlity at 25°C ofNafion-H in EtOHlWater Heated to 225°C 
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Figure 4.1.1.02: Solubility at 25°C ofNafion-H in EtOHlWater Heated to 225°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-H. Solution concentrations 
of 13 wt% were achieved. The change in the slope of the phase boundary when 
the maximum polymer concentration was reached is more gentle with these 
ethanol - water solvent blends than the slope with the methanol - water blends. 
4.1.1.03 Dissolution ofNafion-H in a blend of ethanol and water at 250 CC 
The experiments were performed as outlined in section 3.1.1. The bomb took 
75 - 90 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.03 and scaled to show the area of 
interest in figure 4.1.1.03. 
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Nafion-H EtOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.0 16.0 83.0 No solid, liquid 718 
1.0 18.0 81.0 Yes liquid 730 
2.0 18.0 80.0 No solid, liquid 751 
2.0 20.0 78.0 Yes liquid, liquid 760 
3.0 20.0 77.0 No solid, liquid, liquid 758 
3.0 22.0 75.0 Yes liquid, liquid 775 
4.0 22.0 74.0 No solid, liquid, liquid 804 
4.0 24.0 72.0 Yes liquid, liquid 881 
5.0 24.0 71.0 No solid, liquid, liquid 870 
5.0 26.0 69.0 Yes liquid, liquid 869 
6.0 26.0 68.0 No solid, liquid, liquid 887 
6.0 28.0 66.0 Yes liquid, liquid 909 
7.0 26.0 67.0 No solid, liquid, liquid 902 
7.0 28.0 65.0 Yes liquid, liquid 916 
8.0 26.0 66.0 No solid, liquid, liquid 921 
8.0 28.0 64.0 Yes liquid, liquid 932 
9.0 26.0 65.0 No solid, liquid, liquid 926 
9.0 28.0 63.0 Yes liquid, liquid 943 
10.0 26.0 64.0 No solid, liquid, liquid 952 
10.0 28.0 62.0 Yes liquid, liquid 961 
11.0 26.0 63.0 No solid, liquid, liquid 969 
11.0 28.0 61.0 Yes liquid, liquid 978 
12.0 26.0 62.0 No solid, liquid, liquid 1024 
12.0 28.0 60.0 Yes liquid, liquid 1033 
13.0 26.0 61.0 No solid, liquid, liquid 1069 
13.0 28.0 59.0 Yes liquid, liquid 1094 
14.0 26.0 60.0 No solid, liquid, liquid 1107 
14.0 28.0 58.0 Yes liquid, liquid 1135 
15.0 28.0 57.0 No solid, liquid, liquid 1160 
15.0 30.0 55.0 Yes liquid, liquid 1179 
15.0 41.0 44.0 Yes liquid, liquid 1254 
15.0 43.0 42.0 Yes gel 1247 
16.0 30.0 54.0 No solid, liquid, liquid 1160 
16.0 34.0 50.0 No solid, liquid, liquid 1252 
16.0 41.0 43.0 No solid, liquid, liquid 1289 
Table 4.1.1.03: Solubility at 25°C ofNafion-H in EtOHiWater Heated to 250°C 
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Figure 4.1.1.03: Solubility at 25°C ofNafion-H in EtOHlWater Heated to 250°C 
A residual pressure was again observed after cooling the bomb. With a solvent 
blend of ethanol and water at 250°C residual pressures of up to 150 PSI were 
noted for the high polymer concentration runs. The general trend again is that an 
increasingly alcoholic solvent blend was required to dissolve an increasing 
amount ofNafion-H. Solution concentrations of 15 wt% were achieved. 
At polymer concentrations of ::; 5 wt%, the dissolution process appears to 
be more dependent on the ethanol content than at the higher polymer 
concentrations. This is probably because at low ethanol and polymer 
concentrations, little ether is produced and a mixture of water, ethanol and 
diethyl ether swells Nafion much more than a mixture of just ethanol and water 
(see section 4.4.2.04), assisting the dissolution process. 
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At higher polymer concentrations, the ether layer formed was in excess of 20 m!. 
The polymer concentration of these ether layers was gravimetricly determined 
and in each case was found to be less than 0.1 wt%. 
At 15 wt% polymer, 43 wt% ethanol and 42 wt% water a gel was observed, but 
at 15 wt% polymer, 41 wt% ethanol and 44 wt% water a free - flowing solution 
was formed. 
A further two gels were made, one with 15 wt% polymer, 45 wt% ethanol and 40 
wt% water and the other with 15 wt% polymer, 47 wt% ethanol and 38 wt% 
water. It was noted that as the ethanol content of these gels increased, so did the 
viscosity or thickness. When the gels were warmed, they did not become free -
flowing solutions. 
It was also noted for all the solvent systems studied that for the runs classed as a 
"did not dissolve" the polymer not in solution was usually in the form of a 
coating on the sides of the bomb, not as partially dissolved strips as one might 
expect. This suggests that the polymer was in solution at some point during the 
run. The most likely possibility is that higher concentrations are possible at 
higher temperatures and the polymer comes out of solution as the bomb is 
cooled. 
4.1.1.04 Dissolution ofNafion-H in a blend of I-propanol and water at 225 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 75 minutes to heat up to 225°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.04 and scaled to show the area of 
interest in figure 4.1.1.04. 
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A residual pressure was again observed after cooling the bomb. With a solvent 
blend of I-propanol and water at 225°C residual pressures of up to 90 PSI were 
noted for the high polymer concentration runs. The boiling point of dipropyl 
ether is 91°C which is much higher than diethyl ether or dimethyl ether and it is 
also why the residual pressure is much lower. 
Nafion-H I-PrOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.0 24.0 75.0 No solid, liquid, liquid 499 
1.0 26.0 73.0 Yes liquid, liquid 503 
2.0 24.0 74.0 No solid, liquid, liquid 512 
2.0 26.0 72.0 Yes liquid, liquid 531 
3.0 24.0 73.0 No solid, liquid, liquid 524 
3.0 26.0 71.0 Yes liquid, liquid 537 
4.0 24.0 72.0 No solid, liquid, liquid 517 
4.0 26.0 70.0 Yes liquid, liquid 534 
5.0 24.0 71.0 No solid, liquid, liquid 530 
5.0 26.0 69.0 Yes liquid, liquid 535 
6.0 24.0 70.0 No solid, liquid, liquid 531 
6.0 26.0 68.0 Yes liquid, liquid 544 
7.0 24.0 69.0 No solid, liquid, liquid 537 
7.0 26.0 67.0 Yes liquid, liquid 543 
8.0 26.0 66.0 No solid, liquid, liquid 548 
8.0 28.0 64.0 Yes liquid, liquid 547 
9.0 26.0 65.0 No solid, liquid, liquid 549 
9.0 28.0 63.0 Yes liquid, liquid 555 
10.0 26.0 64.0 No solid, liquid, liquid 553 
10.0 28.0 62.0 Yes liquid, liquid 576 
11.0 26.0 63.0 No solid, liquid, liquid 609 
11.0 28.0 61.0 Yes liquid, liquid 628 
12.0 26.0 62.0 No solid, liquid, liquid 656 
12.0 28.0 60.0 Yes liquid, liquid 676 
13.0 27.0 60.0 No solid, liquid, liquid 698 
13.0 29.0 58.0 Yes liquid, liquid 705 
13.0 36.0 51.0 Yes liquid, liquid 726 
14.0 29.0 57.0 No solid, liquid, liquid 703 
14.0 33.0 53.0 No solid, liquid, liquid 716 
14.0 36.0 50.0 No solid, liquid, liquid 724 
Table 4.1.1.04: Solubility at 25°C ofNafion-H in I-PrOHlWater Heated to 225°C 
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Figure 4.1.1.04: Solubility at 25°C ofNafion-H in I-PrOHIWater Heated to 225°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-H. Solution concentrations 
of 13 wt% were achieved. 
4.1.1.05 Dissolution ofNafion-H in a blend of I-propanol and water at 250 CC 
The experiments were performed as outlined in section 3.1.1. The bomb took 
75 - 90 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.05 and rescaled to show the area of 
interest in figure 4.1.1.05. 
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A residual pressure was again observed after cooling the bomb. With a solvent 
blend of I-propanol and water at 250°C residual pressures of up to 130 PSI were 
noted for the high polymer concentration runs. 
Nafion-H i-PrOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSi) 
1.0 12.0 87.0 No solid, liquid, liquid 651 
1.0 14.0 85.0 Yes liquid, liquid 649 
2.0 14.0 84.0 No solid, liquid, liquid 662 
2.0 16.0 82.0 Yes liquid, liquid 679 
3.0 16.0 81.0 No solid, liquid, liquid 668 
3.0 18.0 79.0 Yes liquid, liquid 681 
4.0 18.0 78.0 No solid, liquid, liquid 682 
4.0 20.0 76.0 Yes liquid, liquid 696 
5.0 18.0 77.0 No solid, liquid, liquid 700 
5.0 20.0 75.0 Yes liquid, liquid 726 
6.0 20.0 74.0 No solid, liquid, liquid 759 
6.0 22.0 72.0 Yes liquid, liquid 768 
7.0 20.0 73.0 No solid, liquid, liquid 779 
7.0 22.0 71.0 Yes liquid, liquid 786 
8.0 22.0 70.0 No solid, liquid, liquid 801 
8.0 24.0 68.0 Yes liquid, liquid 813 
9.0 22.0 69.0 No solid, liquid, liquid 816 
9.0 24.0 67.0 Yes liquid, liquid 836 
10.0 22.0 68.0 No solid, liquid, liquid 841 
10.0 24.0 66.0 Yes liquid, liquid 840 
11.0 24.0 65.0 No solid, liquid, liquid 856 
11.0 26.0 63.0 Yes liquid, liquid 883 
12.0 24.0 64.0 No solid, liquid, liquid 911 
I 
12.0 26.0 62.0 Yes liquid, liquid 908 
13.0 24.0 63.0 No solid, liquid, liquid 923 
13.0 26.0 61.0 Yes liquid, liquid 935 
14.0 24.0 62.0 No solid, liquid, liquid 960 
14.0 26.0 60.0 Yes liquid, liquid 974 
15.0 27.0 58.0 No solid, liquid, liquid 1007 
15.0 29.0 56.0 Yes liquid, liquid 998 
15.0 36.0 49.0 Yes liquid, liquid 1063 
16.0 29.0 55.0 No solid, liquid, liquid 1032 
16.0 33.0 51.0 No solid, liquid, liquid 1056 
16.0 36.0 48.0 No solid, liquid, liquid 1134 
Table 4.1.1.05: Solubility at 25°C ofNafion-H III I-PrOHlWater Heated to 250°C 
112 
& ~ ~ 0.7 
Chapter 4.0- Results and Discussion 
l---.---7'----r--+---r---T---r----.r--~ 0.0 
0.2 0.3 0.4 0.5 
I-Propanol 
Figure 4.1.1.05: Solubility at 25°C ofNafion-H in 1-PrOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-H. Solution concentrations 
of 15 wt% were achieved. At higher polymer and alcohol concentrations, the 
ether layer formed was in excess of 20 m!. The polymer concentration of these 
ether layers was gravimetricly determined and in each case was found to be less 
than 0.1 wt%. 
Again, at low polymer concentrations (::;; 8 wt%), the dissolution process appears 
to be more dependent on the I-propanol content than at the higher polymer 
concentrations. Again, this is probably because at low alcohol and polymer 
concentrations, little ether is produced. 
113 
Chapter 4.0 - Results and Discussion 
4.1.1.06 Dissolution ofNajion-H in a blend of I-butanol and water at 225 't:.' 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 75 minutes to heat up to 225°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.06 and rescaled to show the area of 
interest in figure 4.1.1.06. 
Nafion-H I-BuOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.0 18.0 81.0 No solid, liquid, liquid 406 
1.0 20.0 79.0 Yes liquid, liquid 408 
2.0 18.0 80.0 No solid, liquid, liquid 416 
2.0 20.0 78.0 Yes liquid, liquid 426 
3.0 20.0 77.0 No solid, liquid, liquid 414 
3.0 22.0 75.0 Yes liquid, liquid 419 
4.0 20.0 76.0 No solid, liquid, liquid 415 
4.0 22.0 74.0 Yes liquid, liquid 403 
5.0 20.0 75.0 No solid, liquid, liquid 407 
5.0 22.0 73.0 Yes liquid, liquid 402 
6.0 20.0 74.0 No solid, liquid, liquid 391 
6.0 22.0 72.0 Yes liquid, liquid 395 
7.0 22.0 71.0 No solid, liquid, liquid 410 
7.0 24.0 69.0 Yes liquid, liquid 412 
8.0 22.0 70.0 No solid, liquid, liquid 424 
8.0 24.0 68.0 Yes liquid, liquid 440 
9.0 22.0 69.0 No solid, liquid, liquid 437 
9.0 24.0 67.0 Yes liquid, liquid 446 
10.0 22.0 68.0 No solid, liquid, liquid 441 
10.0 24.0 66.0 Yes liquid, liquid 454 
11.0 24.0 65.0 No solid, liquid, liquid 442 
11.0 26.0 63.0 Yes liquid, liquid 449 
12.0 24.0 64.0 No solid, liquid, liquid 446 
12.0 26.0 62.0 Yes liquid, liquid 453 
13.0 27.0 60.0 No solid, liquid, liquid 462 
13.0 29.0 58.0 Yes liquid, liquid 466 
13.0 34.0 53.0 Yes liquid, liquid 472 
13.0 40.0 47.0 Yes liquid, liquid 469 
14.0 30.0 56.0 No solid, liquid, liquid 460 
14.0 34.0 52.0 No solid, liquid, liquid 471 
14.0 40.0 46.0 No solid, liquid, liquid 473 
.. Table 4.1.1.06: Solubility at 25°C ofNafion-H in I-BuOHlWater Heated to 225°C 
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Figure 4.1.1.06: Solubility at 25°C ofNafion-H in l-BuOHlWater Heated to 225°C 
A residual pressure was again observed after cooling the bomb. With a solvent 
blend of I-butanol and water at 225°C residual pressures of up to 70 PSI were 
noted for the high polymer concentration runs. The general trend again is that an 
increasingly alcoholic solvent blend was required to dissolve an increasing 
amount ofNafion-H. Solution concentrations of 15 wt% were achieved. 
4.1.1.07 Dissolution ofNafion-H in a blend of I-butanol and water at 250'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
75 - 95 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.07 and rescaled to show the area of 
interest in figure 4.1.1.07. 
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Nafion-H I-BuOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.0 12.0 87.0 No solid, liquid, liquid 632 
1.0 14.0 85.0 Yes liquid, liquid 646 
2.0 14.0 84.0 No solid, liquid, liquid 651 
2.0 16.0 82.0 Yes liquid, liquid 714 
3.0 16.0 81.0 No solid, liquid, liquid 712 
3.0 18.0 79.0 Yes liquid, liquid 726 
4.0 18.0 78.0 No solid, liquid, liquid 720 
4.0 20.0 76.0 Yes liquid, liquid 733 
5.0 18.0 77.0 No solid, liquid, liquid 732 
5.0 20.0 75.0 Yes liquid, liquid 750 
6.0 20.0 74.0 No solid, liquid, liquid 726 
6.0 22.0 72.0 Yes liquid, liquid 822 
7.0 20.0 73.0 No solid, liquid, liquid 836 
7.0 22.0 71.0 Yes liquid, liquid 856 
8.0 20.0 72.0 No solid, liquid, liquid 863 
8.0 22.0 70.0 Yes liquid, liquid 881 
9.0 20.0 71.0 No solid, liquid, liquid 875 
9.0 22.0 69.0 Yes liquid, liquid 889 
10.0 22.0 68.0 No solid, liquid, liquid 889 
10.0 24.0 66.0 Yes liquid, liquid 890 
11.0 22.0 67.0 No solid, liquid, liquid 887 
11.0 24.0 65.0 Yes liquid, liquid 896 
12.0 22.0 66.0 No solid, liquid, liquid 894 
12.0 24.0 64.0 Yes liquid, liquid 907 
13.0 24.0 63.0 No solid, liquid, liquid 901 
13.0 26.0 61.0 Yes liquid, liquid 918 
14.0 24.0 62.0 No solid, liquid, liquid 913 
14.0 26.0 60.0 Yes liquid, liquid 924 
15.0 27.0 58.0 No solid, liquid, liquid 933 
15.0 29.0 56.0 Yes liquid, liquid 948 
15.0 33.0 52.0 Yes liquid, liquid 953 
15.0 40.0 45.0 Yes liquid, liquid 957 
16.0 30.0 54.0 No solid, liquid, liquid 946 
16.0 33.0 51.0 No solid, liquid, liquid 941 
16.0 40.0 44.0 No solid, liquid, liquid 949 
.. Table 4.1.1.07: SolubIlIty at 25°C ofNafion-H ill l-BuOHlWater Heated to 250°C 
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Figure 4.1.1.07: Solubility at 25°C ofNafion-H in I-BuOH/Water Heated to 250°C 
A residual pressure was again observed after cooling the bomb. With a solvent 
blend of I-propanol and water at 250°C residual pressures of up to 130 PSI were 
noted for the high polymer concentration runs. The general trend again is that an 
increasingly alcoholic solvent blend was required to dissolve an increasing 
amount ofNafion-H. Solution concentrations of 15 wt% were achieved. 
Again, at low polymer concentrations (~ 3 wt%), the dissolution process appears 
to be more dependent on the I-butanol content than at the higher polymer 
concentrations. This is probably because at Iow alcohol and polymer 
concentrations, little ether is produced. 
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4.1.1.08 Effect of temperature on the dissolution of Nafion-H 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 85 minutes to heat up, was held at temperature for 150 minutes and took 20 -
25 minutes to cool. The ethanol content was fixed at 40% as this concentration 
lies well within the phase boundary at 225°C, so the temperature is the only 
variable being studied. 
Temp 
('e) 
218 
218 
220 
220 
222 
222 
225 
225 
227 
227 
230 
230 
232 
232 
235 
235 
237 
237 
240 
240 
250 
250 
Nafion-H EtOH Water Dissolved? Phases 
(Wt%) (Wt%) (Wt%) present 
3.0 40.0 57.0 Yes liquid, liquid 
4.0 40.0 56.0 No solid, liquid, liquid 
10.0 40.0 50.0 Yes liquid, liquid 
11.0 40.0 49.0 No solid, liquid, liquid 
11.0 40.0 49.0 Yes liquid, liquid 
12.0 40.0 48.0 No solid, liquid, liquid 
13.0 40.0 47.0 Yes liquid, liquid 
14.0 40.0 46.0 No solid, liquid, liquid 
13.0 40.0 47.0 Yes liquid, liquid 
14.0 40.0 46.0 No solid, liquid, liquid 
14.0 40.0 46.0 Yes liquid, liquid 
\5.0 40.0 45.0 No solid, liquid, liquid 
14.0 40.0 46.0 Yes liquid, liquid 
15.0 40.0 45.0 No solid, liquid, liquid 
14.0 40.0 46.0 Yes liquid, liquid 
15.0 40.0 45.0 No solid, liquid, liquid 
14.0 40.0 46.0 Yes liquid, liquid 
15.0 40.0 45.0 No solid, liquid, liquid 
15.0 40.0 45.0 Yes liquid, liquid 
16.0 40.0 44.0 No solid, liquid, liquid 
15.0 40.0 45.0 Yes liquid, liquid 
16.0 40.0 44.0 No solid, liquid, liquid 
Table 4.1.08: Effect of Temperature on the 
Dissolution ofNafion-H in Ethanol and Water 
There were always two liquid phases present, a mainly aqueous phase and a 
mainly ether phase. At temperatures less than 218°C, less than 1.0 wt% of 
Nafion-H was soluble. Temperatures above 250°C were not attempted due to the 
high probability of the membrane decomposing. These results show that up to 
240°C as the temperature was increased, more Nafion-H was dissolved. 
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4.1.1.09 Effect of time on the dissolution of Nafion-H 
The experiments were performed as outlined in section 3.1.1. The bomb took 
65 - 85 minutes to heat up and 20 - 25 minutes to cool. 
Temp Time Nafion-H EtOH Water Dissolved? Phases 
(,C) (Min) (Wt%) (Wt%) (Wt%) present 
225 100 3.0 34.0 63.0 No solid, liquid 
225 110 3.0 34.0 63.0 Yes liquid 
225 ISO 3.0 32.0 65.0 No solid, liquid, liquid 
225 100 6.0 34.0 60.0 No solid, liquid, liquid 
225 110 6.0 34.0 60.0 Yes liquid, liquid 
225 150 6.0 32.0 62.0 No solid, liquid, liquid 
225 100 9.0 34.0 57.0 No solid, liquid, liquid 
225 110 9.0 34.0 57.0 Yes liquid, liquid 
225 150 9.0 32.0 59.0 No solid, liquid, liquid 
225 100 12.0 34.0 54.0 No solid, liquid, liquid 
225 1I0 12.0 34.0 54.0 Yes liquid, liquid 
225 150 12.0 32.0 56.0 No solid, liquid, liquid 
225 100 13.0 40.0 47.0 No solid, liquid, liquid 
225 110 13.0 40.0 47.0 Yes liquid, liquid 
225 150 14.0 40.0 46.0 No solid, liquid, liquid 
250 40 3.0 22.0 75.0 No solid, liquid, liquid 
250 50 3.0 22.0 75.0 Yes liquid, liquid 
250 90 3.0 20.0 77.0 No solid, liquid, liquid 
250 40 6.0 28.0 66.0 No solid, liquid, liquid 
250 50 6.0 28.0 66.0 Yes liquid, liquid 
250 90 6.0 26.0 68.0 No solid, liquid, liquid 
250 40 9.0 28.0 63.0 No solid, liquid, liquid 
250 50 9.0 28.0 63.0 Yes liquid, liquid 
250 90 9.0 26.0 65.0 No solid, liquid, liquid 
250 40 12.0 28.0 60.0 No solid, liquid, liquid 
250 50 12.0 28.0 60.0 Yes liquid, liquid 
250 90 12.0 26.0 62.0 No solid, liquid, liquid 
250 40 15.0 35.0 50.0 No solid, liquid, liquid 
250 50 15.0 35.0 50.0 Yes liquid, liquid 
250 90 16.0 35.0 49.0 No solid, liquid, liquid 
Table 4.1.09: Effect of TIme on the DIssolution ofNafion-H In Ethanol and Water 
These results show that at 225°C between 100 and 110 and at 250°C between 40 
and 50 minutes were required to dissolve the Nafion-H (i.e. for equilibrium to be 
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reached) . Higher concentration solutions were not made by maintaining the 
temperature for longer. 
4.1.1.10 Dissolution o/Nafion-Li in a blend o/methanol and water at 250'C 
The solubility of the lithium, sodium and potassium cation forms was also 
investigated in an attempt to reduce the pressure during the bomb runs and make 
higher concentration solutions. The experiments were performed as outlined in 
section 3.1. I. The bomb took 80 - 110 minutes to heat up to 250°C and 20 - 25 
minutes to cool. The results of these experiments can be seen in table 4.1.1.10 
and rescaled to show the area ofinterest in figure 4.1.1.1 O. 
Nafion-Li MeOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
I 1.5 30 68.5 No solid, liquid 761 
1.5 32 66.5 Yes liquid 764 
3.0 30 67.0 No solid, liquid 759 
3.0 32 65.0 Yes liquid 765 
4.5 30 65.5 No solid, liquid 764 
4.5 32 63.5 Yes liquid 766 
6.0 30 64.0 No solid, liquid 769 
6.0 32 62.0 Yes liquid 774 
7.5 32 60.5 No solid, liquid 776 
7.5 34 58.5 Yes liquid 780 
9.0 32 59.0 No solid, liquid 782 
9.0 34 57.0 Yes liquid 794 
10.5 32 57.5 No solid, liquid 791 
10.5 34 55.5 Yes liquid 789 
12.0 34 54.0 No solid, liquid 798 
12.0 36 52.0 Yes liquid 802 
13.5 34 52.5 No solid, liquid 799 
13.5 36 50.5 Yes liquid 810 
15.0 34 51.0 No solid, liquid 803 
15.0 36 49.0 Yes liquid 814 
15.0 40 45.0 Yes liquid 826 
15.0 44 41.0 Yes liquid 834 
16.0 36 48.0 No solid, liquid 806 
16.0 40 44.0 No solid, liquid 830 
16.0 44 40.0 No solid, liquid 833 
.. . . Table 4.1.1.010: SolubIlity at 25°C ofNafion-LI III MeOHlWater Heated to 250°C 
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Figure 4.1.1.10: Solubility at 25°C ofNafion-Li in MeOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount ofNafion-Li. Solution concentrations 
of 15 wt% were achieved. No residual pressures were observed during the 
dissolution of Nafion-Li because the production of ether is an acid catalysed 
process and there was no acid present during these runs. 
4.1.1.11 Dissolution ofNafion-Li in a blend of ethanol and water at 250 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.11 and rescaled to show the area of 
interest in figure 4.1.1.11. 
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Nafion-Li EtOH Water Dissolved? Phases Pressure 
(Wt"/o) (Wt%) (Wt%) present (PSI) 
1.5 20 78.5 No solid, liquid 698 
1.5 22 76.5 Yes liquid 701 
3.0 20 77.0 No solid, liquid 697 
3.0 22 75.0 Yes liquid 703 
4.5 22 73.5 No solid, liquid 701 
4.5 24 71.5 Yes liquid 707 
6.0 22 72.0 No solid, liquid 705 
6.0 24 70.0 Yes liquid 709 
7.5 24 68.5 No solid, liquid 710 
7.5 26 66.5 Yes liquid 714 
9.0 24 67.0 No solid, liquid 716 
9.0 26 65.0 Yes liquid 724 
10.5 26 63.5 No solid, liquid 722 
10.5 28 61.5 Yes liquid 726 
12.0 26 62.0 No solid, liquid 731 
12.0 28 60.0 Yes liquid 751 
13.5 28 58.5 No solid, liquid 740 
13.5 30 56.5 Yes liquid 738 
15.0 28 57.0 No solid, liquid 761 
15.0 30 55.0 Yes liquid 763 
15.0 34 51.0 Yes liquid 771 
15.0 38 47.0 Yes liquid 776 
16.0 30 54.0 No solid, liquid 769 
16.0 34 50.0 No solid, liquid 772 
16.0 38 46.0 No solid, liquid 781 
Table 4.1.1.11: Solubility at 25°C ofNafion-Li in EtOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Li. Solution concentrations 
of 15 wt% were achieved. 
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Figure 4.1.1.11: Solubility at 25°C ofNafion-Li in EtOHlWater Heated to 250°C 
4.1.1.12 Dissolution ofNafion-Li in a blend of I-propanol and water at 250 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 120 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.12 and rescaled to show the area of 
interest in figure 4.1.1.12. 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Li. Solution concentrations 
of 15 wt% were achieved. 
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Nafion-Li I-PrOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 16 82.5 No solid, liquid 660 
1.5 18 80.5 Yes liquid 668 
3.0 16 81.0 No solid, liquid 662 
3.0 18 79.0 Yes liquid 679 
4.5 18 77.5 No solid, liquid 668 
4.5 20 75.5 Yes liquid 674 
6.0 18 76.0 No solid, liquid 677 
6.0 20 74.0 Yes liquid 681 
7.5 20 72.5 No solid, liquid 682 
7.5 22 70.5 Yes liquid 686 
9.0 20 71.0 No solid, liquid 685 
9.0 22 69.0 Yes liquid 694 
10.5 22 67.5 No solid, liquid 691 
10.5 24 65.5 Yes liquid 703 
12.0 22 66.0 No solid, liquid 710 
12.0 24 64.0 Yes liquid 711 
13.5 24 62.5 No solid, liquid 715 
13.5 26 60.5 Yes liquid 719 
15.0 26 59.0 No solid, liquid 728 
15.0 28 57.0 Yes liquid 732 
15.0 32 53.0 Yes liquid 736 
15.0 35 50.0 Yes liquid 741 
16.0 28 56.0 No solid, liquid 734 
16.0 32 52.0 No solid, liquid 742 
16.0 35 49.0 No solid, liquid 743 
.. .. Table 4.1.1.12: SolubilIty at 25°C ofNafion-LI III I-PrOHlWater Heated to 250°C 
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Figure 4.1.1.12: Solubility at 25°C ofNafion-Li in I-PrOHlWater Heated to 250°C 
4.1.1.13 Dissolution ofNafion-Li in a blend of I-butanol and water at 250 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 11 0 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.13 and rescaled to show the area of 
interest in figure 4.1.1.13. 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Li. Solution concentrations 
of 12 wt% were achieved. 
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Najion-Li I-BuOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 14 84.5 No solid, liquid, liquid 649 
1.5 16 82.5 Yes liquid, liquid 646 
3.0 14 83.0 No solid, liquid, liquid 648 
3.0 16 81.0 Yes liquid, liquid 645 
4.5 16 79.5 No solid, liquid, liquid 650 
4.5 18 77.5 Yes liquid, liquid 647 
6.0 16 78.0 No solid, liquid, liquid 649 
6.0 18 76.0 Yes liquid, liquid 651 
7.5 16 76.5 No solid, liquid, liquid 648 
7.5 18 74.5 Yes liquid, liquid 646 
9.0 16 75.0 No solid, liquid, liquid 644 
9.0 18 73.0 Yes liquid, liquid 644 
10.5 18 71.5 No solid, liquid, liquid 639 
10.5 20 69.5 Yes liquid, liquid 645 
12.0 18 70.0 No solid, liquid, liquid 648 
12.0 20 68.0 Yes liquid, liquid 647 
12.0 26 62.0 Yes liquid, liquid 642 
13.5 20 66.5 No solid, liquid, liquid 646 
13.5 22 64.5 No solid, liquid, liquid 645 
13.5 26 60.5 No solid, liquid, liquid 646 
. . .. 
. Table 4.1.1.13: SolubIlIty at 25°C ofNafion-LI m I-BuOHlWater Heated to 250°C 
The Nafion-Li was less soluble in I-butanol then the other alcohols (solutions of 
12 wt% Nafion-Li in I-butanol/water and 15 wt% in methanol/water, ethanol/ 
water and I-propanol/water were obtained). This is probably because I-butanol 
is not miscible with water at room temperature and although the miscibility will 
increase with temperature, even at 250°C there will be two phases present. 
This effect was not noticed with the protonated form. This can be explained by 
the production of ether (I-butanol + I-butanol -7 dj-I-butyl ether + water) which 
would increase the amount of water in the solvent blend while reducing the 
amount of I-butanol to a level where it is soluble in water. 
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Figure 4.1.1.13: Solubility at 25°C ofNafion-Li in I-BuOHlWater Heated to 250°C 
4.1.1.14 Dissolution ofNafion-Na in a blend of methanol and water at 250 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.14 and resca1ed to show the area of 
interest in figure 4.1.1.14. 
No residual pressures were observed during the dissolution of Nafion-Na because 
the production of ether is an acid catalysed process and there was no acid present 
..... , 
during these runs. 
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Nafion-Na MeOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 28 70.5 No solid, liquid, liquid 758 
1.5 30 68.5 Yes liquid, liquid 762 
3.0 28 69.0 No solid, liquid, liquid 764 
3.0 30 67.0 Yes liquid, liquid 772 
4.5 28 67.5 No solid, liquid, liquid 769 
4.5 30 65.5 Yes liquid, liquid 775 
6.0 28 66.0 No solid, liquid, liquid 778 
6.0 30 64.0 Yes liquid, liquid 786 
7.5 30 62.5 No solid, liquid, liquid 777 
7.5 32 60.5 Yes liquid, liquid 784 
9.0 30 61.0 No solid, liquid, liquid 781 
9.0 32 59.0 Yes liquid, liquid 785 
10.5 30 59.5 No solid, liquid, liquid 787 
10.5 32 57.5 Yes liquid, liquid 792 
12.0 30 58.0 No solid, liquid, liquid 796 
12.0 32 56.0 Yes liquid, liquid 802 
12.0 35 53.0 Yes liquid, liquid 810 
12.0 40 48.0 Yes liquid, liquid 823 
13.50 32 54.5 No solid, liquid, liquid 799 
13.50 35 51.5 No solid, liquid, liquid 808 
13.50 40 46.5 No solid, liquid, liquid 816 
Table 4.1.1.14: Solubility at 25°C ofNafion-Na in MeOHIWater Heated to 250°C 
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Figure 4.1.1.14: Solubility at 25°C ofNafion-Na in MeOH/Water Heated to 250°C 
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The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Na. Solution concentrations 
of 12 wt% were achieved. 
4.1.1.15 Dissolution ofNafion-Na in a blend of ethanol and water at 250 "C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.15 and rescaled to show the area of 
interest in figure 4.1.1.15. 
Nafion-Na EtOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 22 76.5 No solid, liquid 708 
1.5 24 74.5 Yes liquid 711 
3.0 22 75.0 No solid, liquid 717 
3.0 24 73.0 Yes liquid 721 
4.5 22 73.5 No solid, liquid 722 
4.5 24 71.5 Yes liquid 725 
6.0 24 70.0 No solid, liquid 729 
6.0 26 68.0 Yes liquid 733 
7.5 24 68.5 No solid, liquid 728 
7.5 26 66.5 Yes liquid 736 
9.0 24 67.0 No solid, liquid 737 
9.0 26 65.0 Yes liquid 739 
10.5 26 63.5 No solid, liquid 741 
10.5 28 61.5 Yes liquid 745 
12.0 26 62.0 No solid, liquid 751 
12.0 28 60.0 Yes liquid 762 
12.0 33 55.0 Yes liquid 768 
12.0 40 48.0 Yes liquid 785 
13.50 28 58.5 No solid, liquid 771 
13.50 33 53.5 No solid, liquid 769 
13.50 40 46.5 No solid, liquid 783 
Table 4.1.1.15: Solubility at 25°C ofNafion-Na in EtOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount ofNafion-Na. Solution concentrations 
of 12 wt% were achieved. 
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Figure 4.1.1.15: Solubility at 25°C ofNafion-Na in EtOHlWater Heated to 250°C 
4.1.1.16 Dissolution ofNajion-Na in a blend of I-propanol and water at 250 "C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.16 and rescaled to show the area of 
interest in figure 4.1.1.16. 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Na. Solution concentrations 
of 12 wt% were achieved. 
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Nafion-Na I-PrOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 18 80.5 No solid, liquid 662 
1.5 20 78.5 Yes liquid 668 
3.0 18 79.0 No solid, liquid 668 
3.0 20 77.0 Yes liquid 680 
4.5 18 77.5 No solid, liquid 672 
4.5 20 75.5 Yes liquid 679 
, 6.0 20 74.0 No solid, liquid 674 
6.0 22 72.0 Yes liquid 683 
7.5 20 72.5 No solid, liquid 676 
7.5 22 70.5 Yes liquid 679 
9.0 20 71.0 No solid, liquid 679 
9.0 22 69.0 Yes liquid 684 
10.5 20 69.5 No solid, liquid 687 
10.5 22 67.5 Yes liquid 696 
12.0 22 66.0 No solid, liquid 687 
12.0 24 64.0 Yes liquid 692 
12.0 26 62.0 Yes liquid 725 
12.0 30 58.0 Yes liquid 731 
13.50 24 62.5 No solid, liquid 695 
13.50 26 60.5 No solid, liquid 713 
13.50 30 56.5 No solid, liquid 726 
Table 4.1.1.16: Solubility at 25°C ofNafion-Na in I-PrOWWater Heated to 250°C 
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Figure 4.1.1.16: Solubility at 25°C ofNafion-Na in l-PrOWWater Heated to 250°C 
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4.1.1.17 Dissolution ofNafion-Na in a blend of I-butanol and water at 250 CC 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 120 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.17 and rescaled to show the area of 
interest in figure 4.1.1.17. 
Nafion-Na I-BuOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 16 82.5 No solid, liquid 637 
1.5 18 80.5 Yes liquid 642 
3.0 16 81.0 No solid, liquid 648 
3.0 18 79.0 Yes liquid 658 
4.5 16 79.5 No solid, liquid 655 
4.5 18 77.5 Yes liquid 661 
6.0 18 76.0 No solid, liquid 657 
6.0 20 74.0 Yes liquid 665 
7.5 18 74.5 No solid, liquid 664 
7.5 20 72.5 Yes liquid 667 
9.0 18 73.0 No solid, liquid 662 
9.0 20 71.0 Yes liquid 665 
10.5 20 69.5 No solid, liquid 661 
10.5 22 67.5 Yes liquid 655 
10.5 28 61.5 Yes liquid 663 
10.5 35 54.5 Yes liquid 666 
12.0 22 66.0 No solid, liquid 660 
12.0 28 60.0 No solid, liquid 662 
12.0 35 53.0 No solid, liquid 664 
Table 4.1.1.17: Solubility at 25°C ofNafion-Na in I-BuOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-Na. Solution concentrations 
of 10.5 wt% were achieved. The Nafion-Na was less soluble in I-butanol then 
the other alcohols (solutions of 10.5 wt% Nafion-Li in I-butanol/water and 12 
wt% in methanol/water, ethanol/water and I-propanol/water were obtained). 
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Figure 4.1.1.17: Solubility at 25°C ofNafion-Na in I-BuOHlWater Heated to 250°C 
Again, this is probably because I-butanol is not miscible with water at room 
temperature and although the miscibility will increase with temperature, even at 
250°C I-butanol and water will not be totally miscible. 
4.1.1.18 Dissolution ofNajion-K in a blend of methanol and water at 250 'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.18 and rescaled to show the area of 
interest in figure 4.1.1.18. 
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Nafion-K MeOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 30 68.5 No solid, liquid 771 
1.5 32 66.5 Yes liquid 788 
3.0 30 67.0 No solid, liquid 774 
3.0 32 65.0 Yes liquid 795 
4.5 30 65.5 No solid, liquid 775 
4.5 32 63.5 Yes liquid 797 
6.0 30 64.0 No solid, liquid 777 
6.0 32 62.0 Yes liquid 798 
7.5 32 60.5 No solid, liquid 792 
7.5 34 58.5 Yes liquid 803 
9.0 32 59.0 No solid, liquid 812 
9.0 34 57.0 Yes liquid 818 
9.0 36 55.0 Yes liquid 819 
9.0 40 51.0 Yes liquid 827 
10.5 34 55.5 No solid, liquid 807 
10.5 36 53.5 No solid, liquid 821 
10.5 40 49.5 No solid, liquid 826 
Table 4.1.1.18: Solubility at 25°C ofNafion-K in MeOHlWater Heated to 250°C 
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Figure 4.1.1.18: Solubility at 25°C ofNafion-K in MeOHlWater Heated to 250°C 
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No residual pressures were observed during the dissolution ofNafion-K because 
the production of ether is an acid catalysed process and there was no acid present 
during these runs. The general trend again is that an increasingly alcoholic 
solvent blend was required to dissolve an increasing amount of Nafion-K. 
Solution concentrations of9 wt% were achieved. 
4.1.1.19 Dissolution ofNafion-K in a blend of ethanol and water at 250'C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.19 and rescaled to show the area of 
interest in figure 4.1.1.19. 
Nafion-K EtOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 24 74.5 No solid, liquid 699 
1.5 26 72.5 Yes liquid 705 
3.0 24 73.0 No solid, liquid 715 
3.0 26 71.0 Yes liquid 728 
4.5 24 71.5 No solid, liquid 719 
4.5 26 69.5 Yes liquid 736 
6.0 24 70.0 No solid, liquid 725 
6.0 26 68.0 Yes liquid 738 
7.5 24 68.5 No solid, liquid 728 
7.5 26 66.5 Yes liquid 739 
9.0 24 67.0 No solid, liquid 731 
9.0 26 65.0 Yes liquid 736 
9.0 28 63.0 Yes liquid 738 
9.0 32 59.0 Yes liquid 746 
10.5 26 63.5 No solid, liquid 741 
10.5 28 61.5 No solid, liquid 744 
10.5 32 57.5 No solid, liquid 745 
.. Table 4.1.1.19: SolubIlIty at 25°C ofNafion-K in EtOlI/Water Heated to 250°C 
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Figure 4.1.1.19: Solubility at 25°C ofNafion-K in EtOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-K. Solution concentrations 
of 9 wt% were achieved. 
4.1.1.20 Dissolution ofNafion-K in a blend of 1-propanol and water at 250 CC 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 110 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.20 and rescaled to show the area of 
interest in figure 4.1.1.20. 
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Nafion-K I-PrOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 20 78.5 No solid, liquid 672 
1.5 22 76.5 Yes liquid 683 
3.0 20 77.0 No solid, liquid 676 
3.0 22 75.0 Yes liquid 696 
4.5 20 75.5 No solid, liquid 677 
4.5 22 73.5 Yes liquid 681 
6.0 20 74.0 No solid, liquid 679 
6.0 22 72.0 Yes liquid 684 
7.5 20 72.5 No solid, liquid 681 
7.5 22 70.5 Yes liquid 692 
9.0 20 71.0 No solid, liquid 685 
9.0 22 69.0 Yes liquid 697 
9.0 26 65.0 Yes liquid 702 
9.0 30 61.0 Yes liquid 709 
10.5 22 67.5 No solid, liquid 699 
10.5 26 63.5 No solid, liquid 703 
10.5 30 59.5 No solid, liquid 712 
Table 4.1.1.20: Solubility at 25°C ofNafion-K in l-PrOHlWater Heated to 250°C 
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Figure 4.1.1.20: Solubility at 25°C ofNafion-K in I-PrOHlWater Heated to 250°C 
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The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-K. Solution concentrations 
of 9 wt% were achieved. 
4.1.1.21 Dissolution ofNafion-K in a blend of I-butanol and water at 250 "C 
The experiments were performed as outlined in section 3.1.1. The bomb took 
80 - 120 minutes to heat up to 250°C and 20 - 25 minutes to cool. The results of 
these experiments can be seen in table 4.1.1.21 and rescaled to show the area of 
interest in figure 4.1.1.21. 
Nafion-K I-BuOH Water Dissolved? Phases Pressure 
(Wt%) (Wt%) (Wt%) present (PSI) 
1.5 16 82.5 No solid, liquid, liquid 654 
1.5 18 80.5 Yes liquid, liquid 653 
3.0 16 81.0 No solid, liquid, liquid 651 
3.0 18 79.0 Yes liquid, liquid 647 
4.5 16 79.5 No solid, liquid, liquid 650 
4.5 18 77.5 Yes liquid, liquid 649 
6.0 16 78.0 No solid, liquid, liquid 650 
6.0 18 76.0 Yes liquid, liquid 653 
7.5 16 76.5 No solid, liquid, liquid 652 
7.5 18 74.5 Yes liquid, liquid 651 
7.5 20 72.5 Yes liquid, liquid 649 
7.5 25 67.5 Yes liquid, liquid 651 
9.0 18 73.0 No solid, liquid, liquid 647 
9.0 20 71.0 Yes solid, liquid, liquid 649 
9.0 25 66.0 Yes solid, liquid, liquid 652 
.. Table 4.1.1.21: SolubilIty at 25°C ofNafion-K in I-BuOHlWater Heated to 250°C 
The general trend again is that an increasingly alcoholic solvent blend was 
required to dissolve an increasing amount of Nafion-K. Solution concentrations 
of7.5 wt% were achieved. 
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Figure 4.1.1.21: Solubility at 25°C ofNafion-K in l-BuOHlWater Heated to 250°C 
The Nafion-Na was less soluble in I-butanol then the other aIcohols (solutions 
of 10.5 wt% Nafion-Li in I-butanol/water and 12 wt% in methanol/water, 
ethanol/water and I-propanol/water were obtained). Again, this is probably 
because I-butanol is not miscible with water at room temperature and although 
the miscibility will increase with temperature, even at 250°C I-butanol and water 
will not be totally miscible. 
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4.1.1.22 Comparison of Alcohol- Water Blends to Dissolve Nafion-H at 225 'C 
The phase boundaries of all the alcohol- water blends used to dissolve Nafion-H 
at 225°C can be seen rescaled in figure 4.1.1.22, for comparison. 
The trend is: as the alkyl chain on the alcohol increases, there is a lower 
percentage of that alcohol at the phase boundary. In other words, in terms ofwt% 
alcohol, at the phase boundary methanol> ethanol> I-propanol> I-butanol. 
The slopes of the curves are different. This may be explained by looking at them 
in terms of the solubility parameter of the solvent blend. Table 4.1.1.22 shows 
the Hildebrand solubility parameter of water and alcohols used. 
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Figure 4.1.1.22: Solubility at 25°C ofNafion-H in alcohoVWater Heated to 225°C 
140 
Chapter 4.0 - Results and Discussion 
Solvent Solubility Parameter 
(Hb) 
Water 23.4 
Methanol 14.5 
Ethanol 12.7 
I-Propanol 11.9 
I-Butanol 11.4 
. .. Table4.1.1.22: HIidebrand Solubility Parameter of Water and A1cohols Used 
The solubility parameters of solvent blends is conventionally calculated by 
equation 4.1.1-1: 
4.1.1-1 
where8 is the solubility parameter, n is the mole fraction, V is the molar volume 
and v is the volume fraction. This expression can be used for both Hildebrand 
and Hansen parameters but assumes ideal mixing. 
However, it is more likely that it is the cohesive energy density (the square of the 
solubility parameter) that is important. This is because when two or more liquids 
are mixed, the intermolecular forces between the molecules of the same liquid 
are broken and those between the different liquids are made. These forces are the 
pairwise energies of interaction, 8, and are directly proportional to the cohesive 
energy density, r5 2: 
4.1.1-2 
where ne is the co-ordination number and NA is A vagadro' s number. 
The proposed method to calculate the solubility parameter of solvent blends is 
therefore: 
4.1.1-3 
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A plot of the solubility parameter of the solvent blend vs. Nafion concentration at 
the phase boundary can be seen in figure 4.1.1.22a. The solubility parameter of 
the solvent blend has been calculated by: 
Omix
b 
= ~VwO; +VaO; 4.1.1-4 
where w refers to water and a refers to the alcohol. 
21.5 
+MoOH 
x EtOH 
21.0 ol-PtOH 
o I-BuOH 
0-
20.5 
0 
-." 
>t-
U I1 l' 11 H 11 If 11 
+-
X 
g 
.c 20.0 
.~ 
'-0 
19.5 
..... 
19.0 
18.5 +-----~---~---~---~----~--~ 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 
Nation concentration (wt"Io) 
Figure 4.1.1.22a: Graph to Show the Solubility Parameter at the Phase Boundary 
Figure 4.1.1.22a shows that the gradients of the lines representing the phase 
boundaries for the methanol, ethanol and I-propanol/water systems are similar 
but the I-butanol/water system's gradient is more negative. This is probably due 
to miscibility considerations. There is also a large shift, almost 2 Rb, between 
methanol/water and I-butanol/water systems (but a difference of 3.1 Rb 
between methanol and I-butanol). 
A factor that must be considered with protonated Nafion systems when 
calculating the solubility parameter of the solvent blend is the production of 
ether. In the presence of the superacid catalyst, two molecules of alcohol react to 
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give one molecule of ether and one molecule of water. Figure 4.1.1.22b shows 
that for a 50:50 alcohol f water mixture (by weight), as ether is produced, the 
solubility parameter of the solvent blend increases for all of the alcohols studied: 
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Figure 4.1.1.22h: the Effect of Ether Production on the 
Solubility Parameter of Alcohol f Water Blends 
Values for the solubility parameter of the dipropyl and dibutyl ethers were not 
readily available in the reference literature so they were calculated using the 
structural contribution method and values of Fedors25• The solubility parameter 
of the dipropyl ether was calculated at 7.57 Hb and the solubility parameter of 
the dibutyl ether was calculated at 7.76 Hb. 
An attempt to account for this was made by measuring the volumes of the 
aqueous and ether layers, assuming that the ether layer was predominantly ether 
(although in reality it will contain alcohol and a small amount of water), and 
recalculating the solubility parameter of the solvent blend. This can be seen in 
table 4.1.1.22a and figure 4. 1. 1.22c. 
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Temperature Time Nafion-H Ethanol Water Ether Layer Aqueous Layer 
(0C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
225 120 2 34 64 3 152 
225 120 4 34 62 7 146 
225 120 6 34 60 9 144 
225 120 8 34 58 10 141 
225 120 10 34 56 11 140 
225 120 12 34 54 12 137 
Temperature Time Nafion-H I-Propanol Water Ether Layer Aqueous Layer 
(0 C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
225 120 2 26 72 12 127 
225 120 4 26 70 18 122 
225 120 6 26 68 20 121 
225 120 8 28 64 20 118 
225 120 10 28 62 22 116 
225 120 12 28 60 25 112 
Temperature Time Nafion-H I-Butanol Water Ether Layer Aqueous Layer 
(0 C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
225 120 2 20 78 26 126 
225 120 4 22 74 30 118 
225 120 6 22 72 34 115 
225 120 8 24 68 35 110 
225 120 10 24 66 37 108 
225 120 12 26 62 40 104 
Table 4.1.22a: Magnitude of Ether ProductIOn 
The extent of ether production was not measured for the methanol/water system 
as dimethyl ether is a gas at room temperature. Allowing for the production of 
ether does bring the values of the solubility parameter of the solvent blend at the 
phase boundary within 1.0 Hb of each other. Without the correction there was a 
difference of about 1.5 Hb between the ethanol/water and I-butanol/water 
systems. 
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Figure 4.1.1.22c: Ether Corrected Solubility Parameter at the Phase Boundary 
None of the dissolution work reported in the literature was achieved at 225°C but 
Arimura, Ostrovskii, Okada and Xie23 dissolved 1100 ew Nafion-H in 1:1 
ethanol: water at 230°C for 240 minutes to yield a 10 wt% solution. By varying 
the proportions of alcohol and water, and which alcohol was used, it has been 
found that at 225°C for 120 minutes up to 13 wt% solutions can be made. 
4.1.1.23 Comparison of Alcohol- Water Blends to Dissolve Nafion-H at 250 'C 
The phase boundaries of all the alcohol - water blends used to dissolve Nafion-H 
at 250°C can be seen rescaled in figure 4_1-1-23 for comparison. 
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Figure 4.1.1.23: Solubility at 25°C ofNafion-H in AlcohoVWater Heated to 250°C 
These data can also be seen in terms of the solubility parameter of the solvent 
blend and in terms of the solubility parameter of the solvent blend corrected for 
ether production in figure 4.1.1.23a, table 4.1.1.23 and figure 4.1.1.23b: 
Again, allowing for the production of ether, during the dissolution process, 
brings the values of the solubility parameter of the solvent blend at the phase 
boundary closer together. Some of the gas released before the bomb could be 
opened was collected for each alcohol and analysed using GCMS. It was shown 
that ether vas the only volatile by-product of the dissolution process. 
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Figure 4.1.1.23a: Graph to Show the Solubility Parameter at the Phase Boundary 
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Figure 4.1.1.23b: Ether Corrected Solubility Parameter at the Phase Boundary 
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Temperature Time Nafion-H Ethanol Water Ether Layer Aqueous Layer 
("C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
250 60 2 20 78 0.5 149 
250 60 4 24 72 1 148 
250 60 6 28 66 3 145 
250 60 8 28 64 4 142 
250 60 10 28 62 6 140 
250 60 12 28 60 7 133 
250 60 14 28 58 8 133 
Temperature Time Nafion-H I-Propanol Water Ether Layer Aqueous Layer 
("C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
250 60 2 16 82 6 130 
250 60 4 20 76 10 124 
250 60 6 22 72 11 121 
250 60 8 24 68 12 118 
250 60 10 24 66 12 116 
250 60 12 26 62 14 111 
250 60 14 26 60 15 109 
Temperature Time Nafion-H I-Butanol Water Ether Layer Aqueous Layer 
(0 C) (min) (Wt%) (Wt%) (Wt%) (ml) (ml) 
250 60 2 16 82 8 129 
250 60 4 20 76 10 124 
250 60 6 22 72 11 119 
250 60 8 22 70 12 116 
250 60 10 24 66 12 115 
250 60 12 24 64 13 111 
250 60 14 26 60 14 109 
. Table 4.1.1.23: MagnItude of Ether ProductIOn 
The highest concentration solution ofNafion-H prepared at 250°C reported in the 
literature is 10% in 1:1 ethanol:water for 60 minutes, by Gebel et alll . Solutions 
of up to 15 wt% Nafion-H in a variety of alcohols at 250°C for 60 minutes have 
been achieved. 
4.1.1.24 Comparison of Alcohol- Water Blends to Dissolve Najion-Li at 250 't:' 
The phase boundaries of all the alcohol - water blends used to dissolve Nafion-Li 
at 250°C can be seen rescaled in figure 4.1.1.24, for comparison. 
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Figure 4.1.1.24: Solubility at 25°C ofNafion-Li in Alcohol/Water Heated to 250°C 
The same trend in terms of the alcohol used can be seen as with the protonated 
Nafion. As the alkyl chain on the alcohol increases, there is a lower percentage of 
that alcohol at the phase boundary. In other words, in terms of wt% alcohol, at 
the phase boundary methanol> ethanol> I-propanol> I-butanol. 
These data can also be seen in terms of the solubility parameter of the solvent 
blend in figure 4. 1. 1.24a. Here, the shift in solubility parameter at the phase 
boundary is about 1.0 Rb, similar to that of the protonated Nafion corrected for 
ether production. 
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Figure 4.1.1.24a: Graph to Show the Solubility Parameter at the Phase Boundary 
The highest concentration solution of Nafion-Li prepared at 250°C reported in 
the literature is 10% in 1: 1 ethanol:water for 60 minutes, by Gebel et al l1 • 
Solutions of up to 15 wt% Nafion-Li in a variety of alcohols at 250°C for 60 
minutes have been achieved. 
4.1.1.25 Comparison of Alcohol- Water Blends to Dissolve Nafion-Na at 250 CC 
The phase boundaries of all the alcohol - water blends used to dissolve Nafion-
Na at 250°C can be seen in figure 4.1.1.25, for comparison. 
The same trend in terms of the amount of alcohol at the phase boundary can be 
seen as with the protonated and lithium forms of Nafion. As the alkyl chain on 
the alcohol increases, there is a lower percentage of that alcohol at the phase 
boundary. In other words, in terms of wt% alcohol, at the phase boundary 
methanol> ethanol> I-propanol> I-butanol. 
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Figure 4.1.1.25: Solubility at 25°C ofNafion-Na in AlcohoVWater Heated to 250°C 
These data can also be seen in terms of the solubility parameter of the solvent 
blend in figure 4.1.1.2Sa. Here, the shift in solubility parameter at the phase 
boundary is about 0.8 Hb, similar to that of the protonated Nafion corrected for 
ether production and Nafion-Li. 
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Figure 4.1.1.25a: Graph to Show the Solubility Parameter at the Phase Boundary 
The highest concentration solution of Nafion-Na prepared at 250°C reported in 
the literature is 10% in 1: 1 ethanol:water for 60 minutes, by Gebel et alll . 
Solutions of up to 12 wt% Nafion-Na in a variety of alcohols at 250°C for 60 
minutes have been achieved during this project. 
4.1.1.26 Comparison of Alcohol- Water Blends to Dissolve Nafion-K at 250 CC 
The phase boundaries of all the alcohol- water blends used to dissolve Nafion-K 
at 250°C can be seen rescaled in figure 4.1.1.26, for comparison. 
The same trend in terms of the amount of alcohol at the phase boundary can be 
seen as with the protonated, lithium and sodium forms of Nation. As the alkyl 
chain on the alcohol increases, there is a lower percentage of that alcohol at the 
phase boundary. In other words, in terms ofwt% alcohol, at the phase boundary 
methanol> ethanol> I-propanol> I-butanol. 
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Figure 4.1.1.26: Solubility at 25°C ofNafion-K in AlcohoVWater Heated to 250°C 
These data can also be seen in terms of the solubility parameter of the solvent 
blend in figure 4.1.1.26a. Here, the shift in solubility parameter at the phase 
boundary is about 0.9 Hb, similar to that of the protonated Nafion corrected for 
ether production, Nafion-Li and Nafion-Na. 
A rigorous search of the literature revealed no reference to work on the 
dissolution ofNafion-K. 
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4. 1. 1. 27Effect of Cation Form on the Solubility ofNafion at 250 CC 
Values for the solubility parameter of the alcohol/water solvent blend at the 
phase boundary can be seen in table 4.1.1.27: 
Solubility parameter at the phase boundary (Hb) 
Cationfonn Wt%Nafion Methanol Ethanol I-Propanol I-Butanol 
H+ 3 21.2 21.6 21.6 
Li+ 3 20.6 21.0 21.5 21.4 
Na+ 3 20.8 20.9 21.3 21.4 
K+ 3 20.6 20.8 21.1 21.4 
H+ 6 20.5 21.2 21.1 
Li+ 6 20.4 20.7 21.0 21.4 
Na+ 6 20.6 20.7 21.1 21.2 
K+ 6 20.4 20.7 21.0 21.3 
H+ 9 20.3 20.6 20.8 
Lt 9 20.1 20.4 20.9 21.2 
Na+ 9 20.4 20.5 20.9 21.0 
K+ 9 20.2 20.5 20.9 
Table 4.1.1.27: Effect of Cation Fonn on the Solubility Parameter at the Phase boundary 
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Table 4.1.1.27 shows that there is no clear relationship between the solubility 
parameter at the phase boundary and the cation form. The maximum solubility of 
each cation form in each alcohol can be seen in table 4. 1. 1.27a: 
Maximum solubility (wt%) 
Cation form Methanol Ethanol I-Propanol I-Butanol 
H+ IS.0 IS.0 IS.0 
Lt IS.0 IS.0 IS.0 12.0 
Na+ 12.0 12.0 12.0 1O.S 
K+ 9.0 9.0 9.0 7.5 
.. Table 4.1.1.27a: Maximum Solubility ofNafion at 2S0°C 
Table 4.1.1.27a shows that in terms of achieving high concentration Nation 
solutions in blends of alcohol and water at high temperature and pressure, 
protonated > lithium> sodium> potassium. 
4.1.2 Dissolution in a Microwave Bomb 
These experiments were undertaken in an attempt to find a alternative method to 
the Parr 4842 stirred reactor that is less time consuming for each individual run 
and therefore the whole array of experiments undertaken. 
4.1.2.1 Nafion-H 
The experiments were performed as outlined in section 3.1.2. It was found that 
using a Parr acid digestion bomb in a 6S0W variable power microwave, solutions 
of up to 2.0 wt% protonated Nafion could be made in either ethanol or 
I-propanol at various combinations of power and time. Higher concentration 
solutions were attempted but the equipment was not able to cope with the 
pressures involved. 
155 
Chapter 4.0- Results and Discussion 
The dissolution in methanol and 2-propanol was not attempted because of the 
higher pressures involved. The dissolution in I-butanol was attempted but 
without success. This is probably due to miscibility considerations. A summary 
of these results can be seen in table 4.1.2.1: 
% Water % EtOH % Nafion %Power Time (s) Phases Dissolved? 
60 39 1.0 55 90 1 Yes 
60 39 1.0 52 90 2 No 
60 38 2.0 62 90 1 Yes 
60 38 2.0 60 90 2 No 
60 39 1.0 40 165 1 Yes 
60 39 1.0 40 160 2 No 
60 38 2.0 40 170 1 Yes 
60 38 2.0 40 165 2 No 
% Water %l-PrOH % Nafion %Power Time (s) Phases Dissolved? 
60 39 1.0 70 90 1 Yes 
60 39 1.0 67 90 2 No 
60 38 2.0 75 90 1 Yes 
60 38 2.0 72 90 2 No 
60 39 1.0 40 230 1 Yes 
60 39 1.0 40 225 2 No 
60 38 2.0 40 235 1 Yes 
60 38 2.0 40 230 2 No 
Table 4.1.2.1: Dissolution ofNafion-H in a Microwave Acid Digestion Bomb 
Although the solution concentrations obtained in a microwave bomb are much 
less than those possible in the Parr 4842 stirred reactor, this method shows much 
potential. It is far quicker than the Parr 4842 stirred reactor and requires a much 
smaller capital investment. If a larger version of the microwave acid digestion 
bomb that could withstand greater pressures than the models currently available 
could be manufactured then it would be the method of choice for the dissolution 
of perfluorosulfonated ionomers. 
4.1.2.2 Nafion-Li, Nafion-Na, Nafion-K, Nafion-Cs, Nafion-TBA, 
The dissolution ofNafion-Li, Nafion-Na, Nafion-K, Nafion-Cs and Nafion-TBA 
was also attempted in the microwave bomb but dissolution was not possible 
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within the pressure range of the vessel. This supports the theory that the 
formation of ether assists the dissolution process. 
4.1.3 Reflux Dissolution 
This study was undertaken to investigate this low capital outlay (compared to 
either the Parr 4842 stirred reactor or the Parr microwave acid digestion bomb) 
method for the dissolution of Nation. The experiments were performed as 
outlined in section 3.1.3. It was found that using a standard reflux apparatus that 
up to 1.0 wt% Nation solutions were possible. A summary of the results can be 
seen in table 4.1.3. 
Solvent Cation % Nafion Dissolved? 
Dimethyl acetamide H 0.5 Yes 
Dimethyl acetamide H 0.6 No 
Dimethyl acetamide Li 0.6 Yes 
Dimethyl acetamide Li 0.7 No 
Dimethyl acetamide Na 0.3 Yes 
Dimethyl acetamide Na 0.4 No 
Dimethyl acetamide K 0.3 Yes 
Dimethyl acetamide K 0.4 No 
Dimethyl acetamide Cs 0.3 Yes 
Dimethyl acetamide Cs 0.4 No 
Dimethyl acetamide TBA 0.3 Yes 
Dimethyl acetamide TBA 0.4 No 
Dimethyl sulfoxide H 1.0 Yes 
Dimethyl sulfoxide H l.l No 
Dimethyl sulfoxide Li 0.9 Yes 
Dimethyl sulfoxide Li 1.0 No 
Dimethyl sulfoxide Na 0.8 Yes 
Dimethyl sulfoxide Na 0.9 No 
Dimethyl sulfoxide K 0.5 Yes 
Dimethyl sulfoxide K 0.6 No 
Dimethyl sulfoxide Cs 0.5 Yes 
Dimethyl sulfoxide Cs 0.6 No 
Dimethyl sulfoxide TBA 0.4 Yes 
Dimethyl sulfoxide TBA 0.5 No 
Table 4.1.3: Reflux DIssolution of Nation 
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The solubility parameter of DMAA is 10.8 Hb and that of DMSO is 12.0 Hb. 
However, a more important factor to consider with reflux dissolution is the 
boiling point of the solvents because, as shown in section 4.1.1.08, a small 
change in temperature can mean a large change in solubility. The boiling point of 
DMAA is 165°C and that of dimethylsulfoxide is 189°C, 24°C higher. The 
concentration ofNafion-H in DMAA is comparable to that in the literature26 but 
no other cations were attempted. Membranes cast from solutions in DMAA must 
be reprotonated prior to use as an ammonium salt of Nafion can form from the 
reaction of acid with DMAA. 
Although the solution concentrations achieved by reflux dissolution were 
relatively low, it is worth remembering that the required equipment and solvents 
are inexpensive and unlike either the 4842 stirred reactor or the microwave acid 
digestion bomb, the dissolution takes place at atmospheric pressure. 
With the Nafion-H / DMSO system it was noted that there was a "rotten 
cabbage" smell. This was probably due to the superacid properties of the Nafion, 
reacting with DMSO to produce dimethyl sulfide. 
4.1.4 Concentrated Solutions by Solvent Evaporation 
This study was undertaken in an attempt to make high concentration Nafion 
solutions. The experiments were carried out as outlined in section 3.1.4. The 
results confirm the earlier work of Aldebert et.al.lO.When the solutions were 
spiked with (and hence concentrated in) ethanol, concentrations of up to 20.3 
wt% were achieved. This is in agreement with the study into the redissolution of 
phase inverted Nation powder in ethanol/water in section 4.4.2 which showed 
that 23.0 wt% Nafion could be dissolved in pure ethanol. 
158 
Chapler 4.0 - Results and Discussion 
When the solutions were spiked with (and hence concentrated in) water, 
concentrations of up to 28.6 wt% were achieved. This is not in agreement with 
the study into the redissolution of phase inverted Nation powder in ethanol / 
water in section 4.4.2 which showed that less than 1.0 wt% Nation could be 
dissolved in pure water. This suggests that the 28.6 wt% solution made by 
solvent evaporation is in fact a supersaturated solution and therefore if 
aggregation and nucleation were to occur, then the polymer would come out of 
solution. However, the Nation was still in solution months after it was made. 
4.1.5Summary of Dissolution Work 
Complete dissolution of the membrane is initially undertaken by careful visual 
inspection. Subsequent inspection of solution's by photo correlation spectroscopy 
and of films by transmission electron microscopy contirm complete dissolution. 
A summary of the dissolution of Nation using the methods discussed above 
(sections 4.1.1 - 4.1.4) can be seen below in table 4.1.5.1. As shown in table 
4.1.5.1, the highest concentration Nation solutions were obtained by solvent 
evaporation, concentrating solutions, using a rotary evaporator. The problem 
with this method is that it requires solutions, which are made in the bomb, to 
process. Of the three methods studied the Parr 4842 stirred reactor gave much 
higher concentration solutions than either the microwave bomb or by reflux. 
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Cation Form 
Method H+ Li+ Na+ K+ Cs+ TBA+ 
Bomb with methanol and water at 22SoC \0.0 
Bomb with methanol and water at 2S0°C IS.O 12.0 9.0 
Bomb with ethanol and water at 225°C 13.0 
Bomb with ethanol and water at 2S0oC IS.0 IS.O 12.0 9.0 
Bomb with I-propanol and water at 22SoC 13.0 
Bomb with I -propanol and water at 2S0°C IS.O IS.O 12.0 9.0 
Bomb with I -butanol and water at 22SoC 13.0 
Bomb with I-butanol and water at 2S0°C IS.O 12.0 \0.5 7.S 
Reflux in dimethylacetamide 0.5 0.6 0.3 0.3 0.3 0.3 
Reflux in dimethylsulfoxide 1.0 0.9 0.8 0.5 0.5 0.4 
Microwave bomb with ethanol and water 2.0 
Microwave bomb with I-propanol and water 2.0 
Concentrated in water 28.6 
Concentrated in ethanol 20.3 
Table 4.1.5.1: Summary of Dissolution Work 
Although the solution concentrations obtained in a microwave bomb are much 
less than those in the Parr 4842 stirred reactor, this method is far less time 
consuming than the bomb and requires a much smaller capital investment. The 
concentration of solutions made in a microwave bomb was not attempted due to 
the relatively large volumes required. 
The solution concentrations achieved by reflux dissolution were low compared to 
the other two methods but it is worth remembering that the required equipment 
and solvents are inexpensive. Unlike either the 4842 stirred reactor or the 
microwave acid digestion bomb, the dissolution takes place at atmospheric 
pressure. 
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4.2 Determining the Hildebrand Solubility Parameter of Nation 
The detennination of the Rildebrand solubility parameter of Nafion was 
attempted in order to better understand the thennodynamics of the dissolution 
process. 
4.2.1 Determination o/the Hildebrand Solubility Parameter by Swelling 
4.2.1.1 Nafion-H 
The experiments were performed as outlined in section 3.2.1. A plot of % mass 
increase vs. the solubility parameter of the solvent for polar solvents can be seen 
in figure 4.2.1.1.1 and a plot of % volume increase vs. the solubility parameter of 
the solvent for polar solvents can be seen in figure 4.2.1.1.2. The peak swelling 
(from a smooth curve through the data) occurs at about 11 Rb for the mass data 
and 12 Rb for the volume data. 
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Figure 4.2.1.1.1: Solubility Parameter by Swelling (Polar)-Mass Increase 
The dual solubility parameters suggested by Ye02 from swelling experiments in a 
similar series of polar solvents, one associated with the hydrophobic PTFE 
backbone at 9.6, and the other associated with the hydrophilic sulfonic acid 
groups at 17.4, were not observed. 
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In an attempt to further investigate this possibility, the swelling behaviour was 
also investigated in a series of non-polar solvents, which would be expected to 
interact much more with the non-polar, hydrophobic backbone regions which 
Yeo2 suggested was the source of the lower solubility parameter. A plot of % 
mass increase vs. the solubility parameter of the solvent for non-polar solvents 
can be seen in figure 4.2.1.1.3 and a plot of % volume increase vs. the solubility 
parameter of the solvent for non-polar solvents can be seen in figure 4.2.1.1.4. 
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Figure 4.2.1.1.4: Solubility Parameter by Swelling (Non-polar)-Volume Increase 
These curves for the non-polar solvents suggest that the % increase in mass or 
volume is increasing with the solubility parameter of the solvent. No peak is 
observed with the mass experiments as the range of sensible non-polar solvents 
available does not go as high as the observed peak in the polar data. 
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The observed peak in the volume data is probably due to one outlier point (the 
last, at 0 = 9.3 Rb) because when looking at the non-polar data for mass increase, 
which was made on exactly the same sample, the point is much higher. There 
does not appear to be any evidence of the dual solubility parameters suggested by 
Yeo with these non-polar solvents either. 
4.2.1.2 Nafion-Li 
The experiments were performed as outlined in section 3.2.1. A plot of % mass 
increase vs. the solubility parameter of the solvent for polar solvents can be seen 
in figure 4.2.1.2.1 and a plot of % volume increase vs. the solubility parameter of 
the solvent for polar solvents can be seen in figure 4.2.1.2.2. The peak swelling 
occurs at about 12 Rb for the mass data and 12 Rb for the volume data. 
80 
70 x x 
x 
60 x 
x 
" ~ 50 
~ 
.S 40 
x 
., 
~ ?fl. 30 
20 
10 
O+-----~----~----r---~~--~----~----~----~-
7.0 9.0 11.0 13.0 15.0 17.0 19.0 21.0 23.0 
o (Hb) 
Figure 4.2.1.2.1: Solubility Parameter by Swelling (Polar)-Mass Increase 
164 
Chapter 4.0 - Results and Discussion 
160 
x 
140 
x 
120 x 
x 
" gj 
100 ~ x 
x 
x 
.S 
" 
80 § 
'0 
x 
x 
x 
.. 60 
'$. x 
40 
20 
x 
0 
7.0 9.0 11.0 13.0 15.0 17.0 19.0 21.0 23.0 
o (Hb) 
Figure 4.2.1.2.2: Solubility Parameter by Swelling (Polar)-Volume Increase 
There does not appear to be any evidence supporting the triple solubility 
parameters suggested by Yeo27 for Nafion-Li. The possibility of multiple 
cohesive energies was again investigated with non-polar solvents. 
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These curves for the non-polar solvents suggest that the % increase in mass or 
volume is increasing with the solubility parameter of the solvent. No peak is 
observed so there does not appear to be any evidence of the multiple solubility 
parameters suggested by Yeo with these non-polar solvents either. 
4.2.1.3 Nafion-Na 
The experiments were performed as outlined in section 3.2.1. A plot of % mass 
increase vs. the solubility parameter of the solvent for polar solvents can be seen 
in figure 4.2.1.3.1 and a plot of% volume increase vs. the solubility parameter of 
the solvent for polar solvents can be seen in figure 4.2.1.3.2. It is difficult to draw 
a meaningful curve through the data but the peak swelling occurs at about 14 Rb 
for the mass data and 14 Rb for the volume data. 
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Figure 4.2.1.3.1: Solubility Parameter by Swelling (Polar)-Mass Increase 
The sharp increase at 8 Rb corresponds to diethylamine, which can form a salt 
with Nafion. A strong discolouration was observed with this solvent for the R+, 
Lt, Na+, and K+ cation forms and a mild discoloration was observed with 
triethylamine (7.4 Rb) for the Wand Lt forms which can also form a salt with 
Nafion. The possibility of mUltiple cohesive energies was again investigated with 
non-polar solvents (Figure 4.2.1.3.3). 
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These curves for the non-polar solvents suggest that the % increase in mass or 
volume is increasing with the solubility parameter of the solvent. No peak is 
observed so there does not appear to be any evidence to support the multiple 
solubility parameters suggested by Yeo with these non-polar solvents. 
4.2.1.4 Nafion-K 
The experiments were performed as outlined in section 3.2.1. A plot of% mass 
increase vs. the solubility parameter of the solvent for polar solvents can be seen 
in figure 4.2.1.4.1 and a plot of % volume increase vs. the solubility parameter of 
the solvent for polar solvents can be seen in figure 4.2.1.4.2. 
The peak swelling occurs at about 20 Rb for the mass data and 20 Rb for the 
volume data. In both cases this peak corresponds to a large jump in swelling due 
to only one solvent, fonnamide. 
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Again, the increase at 8 Rb corresponding to diethylamine is observed but it is 
not so pronounced. The possibility of multiple cohesive energies was again 
investigated with non-polar solvents. 
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These curves for the non-polar solvents suggest that the % increase in mass or 
volume is increasing with the solubility parameter of the solvent. 
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4.2.1.5 Nafion-Cs 
The experiments were performed as outlined in section 3.2.1. A plot of % mass 
increase vs. the solubility parameter of the solvent for polar solvents can be seen 
in figure 4.2.1.5.1 and a plot of% volume increase vs. the solubility parameter of 
the solvent for polar solvents can be seen in figure 4.2.1.5.2. 
The peak swelling occurs at 20 Rb for the mass data and 20 Rb for the volume 
data. Again this peak corresponds to a large jump in swelling due to only one 
solvent, formamide in both cases. For this reason, methods that calculate the 
solubility parameter from all data points would be more appropriate. 
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Here, Yeo's dual cohesive energy densities could be argued but it would be due 
only one point, that of glycerol (16.5 Hb), being lower than expected. The non-
polar solvents have been used to investigate this possibility. 
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These curves for the non-polar solvents suggest that the % increase in mass or 
volume is increasing with the solubility parameter of the solvent. No peak is 
observed so there does not appear to be any evidence of the multiple solubility 
parameters suggested by Yeo with these non-polar solvent. 
4.2.1.6 Calculation of the Solubility Parameter from Swelling Data 
The Flory - Rehner28 theory of equilibrium swelling allows the estimation of the 
Flory - Huggins interaction parameter, %, from swelling data and therefore the 
calculation of the cohesive energy density of polymers. % for a given polymer 
and solvent pair can be estimated using equation 4.2-1: 
p V Vv;-v 
- In(1 - v ) - v - ---.!'.....!.- p p 
P P M 2 
%= c 
v2 P 
4.2-1 
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where vp is the volume fraction of polymer in the swollen gel, Pp is the dry 
density of the polymer, and Mc is the molecular weight between crosslinks, or 
network junctions, in the polymer. 
The important point about the cross links within the Flory - Rehner theory is that 
the polymer is treated as a series of individual strands between anchored points. 
Although Nation does not have any crosslinks, it does have crystalline regions 
which, at room temperature, act as a barrier to solubilisation in an analogous way 
to network junctions. 
The main difference between the crystalline regions and cross links is the size. 
Cross links are generally in the order of a few atoms but the crystalline regions, or 
more specifically the individual crystallites, are much larger and would not swell 
to the same degree as the amorphous polymer, if at al!. 
The molecular weight between crosslinks term, which is a constant for a given 
polymer (but the different cation forms of Nafion are effectively different 
polymers in this context), needs to be estimated for Nafion. To do so, the 
assumption will be made that any crystallinity exists only in the PTFE backbone 
ofthe polymer. 
The weight of the pendant side chain (Le. the smallest possible estimation of Mc) 
is 444 g mOrl. The number average molecular weight of Nation (i.e. the largest 
possible estimation of Mc) is quoted29 as up to 106 g mOrl. If the Flory - Huggins 
interaction parameter is calculated with each of these estimates of Mc then the 
difference in the values of X is about 1 %. 
The molecular weight between crosslinks will therefore be estimated at 1000 
g morl (for all the cation forms studied), giving a value in the middle of this 
range. 
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The Flory - Huggins interaction parameter has been calculated for a range of 
cation forms from the above mass and volume data for the swelling of 11 00 ew 
Nation in a series of polar solvents: 
.l 
Solvent 8 (lIb) H+ Li+ Na+ K+ Cs+ 
Water 23.4 1.053 0.754 0.798 0.997 1.862 
Formamide 19.2 0.683 0.469 0.432 0.492 0.667 
Glycerol 16.5 0.523 0.398 0.426 1.210 2.959 
Ethylene glycol 14.6 0.425 0.367 0.382 1.353 1.598 
Methanol 14.5 0.424 0.354 0.463 1.721 1.815 
Ethanol 12.7 0.371 0.288 0.588 1.661 1.956 
Propylene glycol 12.6 0.344 0.316 0.332 1.359 1.521 
Benzyl alcohol 12.1 0.327 0.330 0.847 2.480 3.392 
I-Propanol 11.9 0.319 0.301 1.362 2.008 2.760 
I-Butanol 11.4 0.321 0.307 1.280 1.989 3.871 
I-Pentanol 10.9 0.300 0.269 0.789 2.265 4.187 
2-Ethyl hexanol 9.5 0.303 0.455 2.624 3.366 3.668 
Diethylamine 8.0 0.967 0.957 0.602 1.783 4.535 
Triethylamine 7.4 4.531 2.316 2.841 3.795 2.671 
Table 4.2.1.6.1: The Flory - Huggms Interaction Parameter ofNafion - Mass 
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X 
Solvent o (lIb) H+ Li+ Na+ K+ Cs+ 
Water 23.4 0.437 0.405 0.455 0.465 1.307 
Formamide 19.2 0.340 0.279 0.297 0.279 0.502 
Glycerol 16.5 0.315 0.291 0.323 0.493 2.460 
Ethylene glycol 14.6 0.184 0.232 0.151 0.478 1.373 
Methanol 14.5 0.139 0.105 0.110 0.552 1.414 
Ethanol 12.7 0.087 0.111 0.162 0.556 2.092 
Propylene glycol 12.6 0.082 0.172 0.111 0.725 1.872 
Benzyl alcohol 12.1 0.074 0.152 0.642 2.464 3.327 
I-Propanol 11.9 0.074 0.140 1.018 2.303 2.217 
I-Butanol 11.4 0.067 0.120 1.308 2.464 2.959 
I-Pentanol 10.9 0.069 0.108 1.448 2.987 3.327 
2-Ethyl hexanol 9.5 0.075 0.171 1.890 2.463 3.327 
Diethylamine 8.0 0.350 0.359 0.448 1.657 3.635 
Triethylamine 7.4 3.141 2.035 2.547 2.986 2.569 
Table 4.2.1.6.2: The Flory - Huggms InteractIOn Parameter of Nafion - Volume 
The Huggins equation is: 
4.2-2 
where Xs (sometimes the notation is fJ) is another interaction parameter, due to 
the non-ideal entropy of mixing, R is the gas constant (used in appropriate units) 
and T is the thermodynamic temperature. 
Boyer and Spencer30 plotted (X- X,)v,-I VS. 4 to give the solubility parameter of 
the polymer at the minimum point of the curve, where the plot touches the x axis, 
as shown in equation 4.xx4. 
x -Xs 
V. 
K 2 
+-(J -J) RT s P 4.2-3 
Alternatively a plot of xv,-I VS. 4 will give the solubility parameter of the 
polymer at the minimum point of the curve without the need to determine Z's. 
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Bristow and Watson31 modified the Huggins equation assuming K = I: 
8; % _ 28p 8 8~ %. 
RT - r: - RT S - RT - r: 
4.2-4 
4.2-5 
The solubility parameter was determined by plotting (0,2 R-1y-l - Xv,-l) vs. the 
solubility parameter of the solvent. The slope of this graph is equal to20p R-1r-
1 
and the intercept is equal to _8:R-1y-l - X,v,-l. 
Gee's32 equation (4.2-6) is: 
_I_In Qmax 4.2-6 
KV. Q 
where V, is the molar volume of the solvent, K is a constant, b; is the solubility 
parameter of the solvent and 4 is the solubility parameter of the polymer. Q is 
the swelling coefficient (volume of liquid imbibed per unit volume of polymer) 
and Qmax is the maximum swelling coefficient. By plotting ~V,-I1n(Q_Q-I) vs. b; 
a curve is obtained which intersects the x axis at 4,. 
These methods have been applied to the above data and the calculated solubility 
parameters can be seen in tables 4.2.1.6.3 and 4.2.1.6.4. 
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Cation Form Peak Swell Gee32 Boyer3O Bristow31 
o (Hb) o (Hb) o (Hb) o (Hb) R2 
H+ 11.00 12.00 11.00 12.10 0.9918 
Li+ 1l.75 12.25 11.25 12.22 0.9989 
Na+ 12.75 13.25 13.42 0.9923 
K+ 19.25 19.25 16.40 0.9908 
Cs+ 19.25 19.25 15.79 0.9944 
Mean 0.9936 
Table 4.2.1.6.3: The Solubility Parameter of Nafion - Mass 
Cation Form Peak Swell Gee32 Boyer3O Bristow31 
o (Hb) o (Hb) o (Hb) o (Hb) R2 
H+ 11.00 12.00 11.00 12.01 0.9911 
Li+ 12.00 12.25 11.25 12.10 0.9908 
Na+ 13.50 14.50 13.59 0.9938 
K+ 19.25 19.25 17.01 0.9946 
Cs+ 19.25 19.25 16.27 0.9841 
Mean 0.9909 
Table 4.2.1.6.4: The Solubility Parameter of Nafion - Volume 
Using the method of Boyer and Spencer (and the suggested modification which 
made no difference to the results), only the protonated and lithium cation forms 
gave a smooth enough curve to determine the solubility parameter with any 
confidence. 
When the method of Bristow and Watson was applied to the data, a single 
straight line (as opposed to the two straight lines representing two solubility 
parameters reported by Yeo) was obtained with slight deviation at the extremes 
of solubility parameter, i.e. triethylamine and water. These points were not 
included in the calculation of the slope (and therefore the solubility parameter) or 
the R2 value (product moment correlation coefficient squared). 
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The solubility parameters determined using each method were generally within 
about 1 Hb of each other for the H+, Lt and Na+ cation forms. However, there 
was a huge difference between Gee's method (which gave the same value as the 
peak swell) and that of Br is tow and Watson for the K+ and Cs+ cation forms. This 
is probably because the formamide peak dominated the peak swell and Gee's 
method but the method of Bristow and Watson uses all the data points (except 
those deemed outliers) and is therefore more reliable. 
As stated above, the main difference between the crystalline regions and 
crosslinks is the size. Cross links are generally in the order of a few atoms but the 
individual crystallites are much larger and would not swell as much as the 
amorphous polymer, if at all. 
In an attempt to allow for this factor, since the degree of crystallinity is thought 
to be 5 - 10 % 1, the volume fraction of polymer was multiplied by 0.925 (as only 
92.5% of the polymer is acting as single strands as in the Flory - Rehner theory) 
and the Flory - Huggins interaction parameter and solubility parameters 
recalculated: 
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Solvent X 
Solvent o (Hb) H+ Li+ Na+ K+ Cs+ 
Water 23.4 0.759 0.569 0.598 0.725 1.161 
Formamide 19.2 0.519 0.366 0.339 0.383 0.507 
Glycerol 16.5 0.403 0.311 0.332 0.845 1.464 
Ethylene glycol 14.6 0.333 0.289 0.300 0.924 1.045 
Methanol 14.5 0.333 0.281 0.362 1.101 1.141 
Ethanol 12.7 0.292 0.229 0.451 1.073 1.195 
Propylene glycol 12.6 0.270 0.249 0.261 0.926 1.008 
Benzyl alcohol 12.1 0.255 0.257 0.623 1.357 1.527 
I-Propanol 11.9 0.251 0.237 0.928 1.213 1.425 
I-Butanol 11.4 0.251 0.240 0.883 1.204 1.576 
I-Pentanol 10.9 0.234 0.210 0.585 1.296 1.598 
2-Ethyl hexanol 9.5 0.232 0.347 1.390 1.521 1.555 
Diethylamine 8.0 0.700 0.694 0.457 1.123 1.616 
Triethylamine 7.4 1.614 1.309 1.438 1.568 1.402 
Table 4.2.1.6.5: The Corrected Interaction Parameter of Nafion - Mass 
X 
Solvent o (Hb) H+ Li+ Na+ K+ Cs+ 
Water 23.4 0.345 0.321 0.358 0.365 0.903 
Formamide 19.2 0.270 0.222 0.237 0.223 0.391 
Glycerol 16.5 0.248 0.230 0.254 0.382 1.354 
Ethylene glycol 14.6 0.146 0.185 0.120 0.372 0.935 
Methanol 14.5 0.112 0.084 0.089 0.427 0.957 
Ethanol 12.7 0.068 0.088 0.129 0.428 1.243 
Propylene glycol 12.6 0.063 0.136 0.087 0.545 1.161 
Benzyl alcohol 12.1 0.054 0.117 0.486 1.353 1.519 
I-Propanol 11.9 0.057 0.110 0.734 1.310 1.283 
I-Butanol 11.4 0.050 0.093 0.898 1.354 1.463 
I-Pentanol 10.9 0.050 0.082 0.969 1.467 1.519 
2-Ethyl hexanol 9.5 0.051 0.129 1.162 1.349 1.516 
Diethylamine 8.0 0.272 0.279 0.346 1.069 1.555 
Triethylamine 7.4 1.490 1.218 1.372 1.465 1.377 
Table 4.2.1.6.6: The Corrected interactIOn Parameter ofNafion - Volume 
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Cation Form Peak Swell Gee32 Boye,'O Bristow31 
t5 (Hb) t5 (Hb) t5 (Hb) t5 (Hb) R2 
H+ 11.00 12.00 11.00 11.84 0.9923 
Li+ 11.75 12.25 11.25 12.18 0.9927 
Na+ 12.75 14.50 13.38 0.9941 
K+ 19.25 19.25 16.81 0.9935 
Cs+ 19.25 19.25 16.29 0.9917 
Mean 0.9929 
.. Table 4.2.1.6.7: The Corrected Solub!llty Parameter of Nafion - Mass 
Cation Form Peak Swell Gel] Boyer'O Bristow31 
t5 (Hb) t5 (Hb) t5 (Hb) t5 (Hb) R2 
H+ 11.00 12.00 11.00 11.78 0.9932 
Li+ 11.75 12.25 11.25 12.21 0.9924 
Na+ 12.75 13.25 13.21 0.9960 
K+ 19.25 19.25 16.48 0.9955 
Cs+ 19.25 19.25 16.01 0.9945 
Mean 0.9943 
.. Table 4.2.1.6.8: The Corrected Solub!llty Parameter ofNafion - Volume 
The crystallinity correction factor created no difference to the calculations made 
using the method of Boyer and Spencer. However, there was an improvement in 
the R2 value for the values calculated using the method of Bristow and Watson, 
which means that the data was a closer fit to the model. The solubility parameter 
values obtained using the crystallinity correction factor were also slightly lower 
than those calculated without. This gave closer agreement to the values from 
peak swelling and Boyer and Spencer's method for the H+, Lt and Na+ cation 
forms. 
Within these swelling experiments, no real evidence was found to support the 
multiple cohesive energy densities suggested by Ye02,27. Another method for the 
determination of solubility parameters should therefore be employed to 
investigate this possibility further. 
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4.2.2 Determination o/the Hildebrand Solubility Parameter by Contact Angles 
Methods such as viscometry, GLC, and thennal transition behaviour were 
considered for further investigation of the solubility parameter of Nafion but 
were not used. Viscometry was not used as it would effectively be a study of the 
swelling of Nafion chains already in solution. GLC was not used because it 
investigates the interactions between the solid polymer and potential solvents in 
the vapour form. The use of thennal transition behaviour was not used because 
the glass transition of Nafion occurs over a large temperature range due to the 
plasticisation effect of absorbed water within the membrane. 
Contact angles were chosen to investigate the solubility parameter of Nafion 
because both the contact angle of a liquid on a solid and the solubilisation of that 
solid by the liquid depend on the intennolecular forces between them. 
4.2.2.1 Hamaker Constant Approach 
The surface energy of a solid is related to the contact angle of a liquid on the 
surface by the following equation: 
yJl + cose)= 2(y/ Y//' + 2(y/y/)'h 4.2-7 
Where r is the surface energy, subscript L refers to liquid, subscript S refers to 
solid, superscript d refers to dispersion, superscript p refers to polar and () is the 
contact angle. Rearranging: 
1£+1£cose =( d d)'h+( P P)'h 2 Ys 1£ Ys 1£ 
Since (%n+ %ncosB) is a constant (C) for a given system: 
=> 
=> 
c = Cy/y/)V, +Cr/r/)V, 
C -Cr/r/)'h = Cr/r/)V, 
C -CrSdrLd)V, y, "'::"-~~.!.,.l."-.!..- = rsP \I, 
r/ 
For 2 liquids, I and 2, on the same solid: 
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C C d d)Y, 1- rS r£1 
r
pY, rPY, 
Ll L2 
py, (C - rdY'rd'l,) == rPY,CC - rd'hrd'h) r L2 I S Ll Ll 2 S L2 
p'hC _ p'hydY'yd'h == rPY'C - rP'hyd'hyd'h r L2 I Y L2 S LI LI 2 LI S L2 
r
d'h( p'hrd'h -rP'hrdY,)_yPY'c _yP'hC 
S r Ll L2 L2 LI - LI 2 L2 I 
p'hc p'hC dY, _ hi 2 - rL2 I 
=> r S - pl/2 d% pv,. dV2 hi h2 - h2 rLl 
( 
pY,C pY,C)2 d rLI 2-rL2 1 
=> r s = pYl dY2 plh. dYz 
r£1 h2 - rL2 r£1 
Similarly, the polar component of the surface energy can be calculated: 
C-Cr/r/f' ==Cr/r/)'h 
C-Cr/r/)Y, 
dYz 
Yt 
Again, for 2 liquids, 1 and 2, on the same solid: 
c -(y Py P)'h C -er Pr P)'h I S LI _ 2 S L2 
r d'h CC - rP'I'rP'h) - rdY, CC - rP'hrP'h) L2 I S LI - LI 2 S L2 
and the Hamaker constant, A, is given by: 
A=y24;d)~ 
4.2-8 
4.2-9 
4.2-10 
where Do is the interfacial contact separation. This expression approximates to33 : 
A~ r24Jrl.65xlO-lo 
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and the interaction constant, C, is given by: 
c 4.2-11 
where p is the number density. The pairwise energy of interaction, 8, is given by: 
s = -Cw/ 4.2-12 
and the molar cohesive energy, Vc, is given by: 
Uc =1h.nNA 8 4.2-13 
where n is the co-ordination number and NA is Avagadro's number. The cohesive 
energy density, CED, is given by: 
4.2-14 
where Vm is the molar volume. 
The calculation of the solubility parameter of some polymers from contact angle 
measurements can be seen in table 4.2.2.1.1. In table 4.2.2.1.1, DIM is 
diiodomethane, PTFE is polytetrafluoroethylene, pp is polypropylene, PE is 
polyethylene, PET is polyethylene terephthalate, NafH is Nafion-H, NafL is 
Nafion-Li, NafN is Nafion-Na and NafK is Nafion-K. The advancing contact 
angle was used because no receding angle was observed with the Nafion samples 
for water. For the polymers with different groups (i.e. not all CF2 as in PTFE or 
CH2 as in polyethylene), such as the ether linkages in Nafion, an "average atom" 
was calculated. 
For PTFE there is very close agreement between the calculated and literature 
values of the solubility parameter and for polyethylene and polypropylene the 
agreement is fair. However for the polar polymers such as PET and Nafion the 
agreement is poor at best. 
185 
Chapter 4.0 - Results and Discussion 
Advancing Advancing Pairwise Calculated Literature 
Contact Contact Surface Hamaker Energyo! Solubility Solubility 
AngleH ,0 Angle DIM Energy Constant Interaction POl"ameter Parameter 
(01') (()/') (r /mJm·2) (AIJ) (e /J) (81Hh) (8/ Hb) 
P Dispersion 16.\S 3.39E·20 3.44E·21 6.31 
T 
F Polar 122.5 84.2 0.07 1.49E·22 1.51E·23 0.42 
E Total 16.22 3.4IE·20 3.4SE·21 632 6.2" 
Dispersion 24.15 5.07E·20 5.14E--21 9.52 
P 
P Polar 97.4 65.4 1.51 3.l7E·21 3.2IE·22 2.38 
Total 25.66 539E·20 5.46E·21 9.81 7.9" 
Dispersion 25.38 5.33E-20 5.40E-21 9.75 
P 
E Polar 102.4 64.7 0.51 1.07E-21 l.09E-22 1.38 
Total 25.89 5.44E-20 5.51E-21 9.85 7.9" 
P Dispersion 43.29 9.09E-20 9.2lE-21 14.04 
E Polar 77.7 24.9 3.54 7.43E-l1 7.53E-22 4.01 
T Total 46.83 9.83E-20 9.96E-21 14.60 10.0" 
N Dispersion 8.68 L82E·20 1.85E-21 4.94 
a 
f Polar 93.2 93.1 8.31 1.75E-20 1.77E-21 4.84 
H Total 16.99 3.57E-20 3.62E·21 6.91 9.6,17.4" 
N Dispersion 9.35 1.96E-20 I.99E·21 5.12 
a 
f Polar 94.0 91.7 7.51 1.58E-20 I.60E·21 4.59 
L Total 16.86 3.S4E-20 3.S9E·21 6.87 9.6,14.627 
N Dispersion 9.39 1.97E-20 2.00E·21 5.Q9 
a Polar 96.7 92.2 6.27 1.32E·20 l.33E·21 4.16 f 
N Total 15.66 3.29E-20 3.33E·21 6.57 14-6, 19.2' 
N Dispersion 10.75 2.26E-20 2.29E·21 5.41 
a 
f Polar 105.1 91.1 2.66 5.59E-21 5.66E-22 2.69 
K Total 13.41 2.82E-20 2.8SE·21 6.04 14.6,19.2' 
Table 4.2.2.1.1: Determination of the Solubility Parameter from Contact Angles 
4.2.2.2 Geometric approach 
An alternative set of calculations has also been developed to study the 
relationship between solubility parameters and surface energies by considering 
the geometry of the system. The surface free energy of a solid or liquid 
(generally called the surface energy for solids or the surface tension for liquids) 
is defined as "the reversible work done in creating a unit area of fresh, flat, free 
surface,,34. So for any solid or liquid: 
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4.2-15 
where Ys is the surface energy, n is the co-ordination number in the bulk, ns is the 
co-ordination number at the surface, e is the pairwise energy of interaction and Cs 
is the number of boxes, according to the Flory-Huggins lattice theory, per unit 
area. It will be taken 1 box to be 1 carbon atom or equivalent, so for PIFE 1 box 
is CF2 or for polyethylene 1 box is CH2• 
According to the Flory-Huggins lattice theory, the area of one box, Ab, is related 
to the volume of the box, Vb, by: 
A - 17.213 b - b 
also, where m refers to a molar quantity: 
Am =NAAb =NAVt 3 
and: 
=> 
v. == Vrn 
b N A 
( f3 A - Vm b- --
NA 
( f3 C = NA 
s V 
m 
( f3 rs = ~ {n-nJc ~: 
and 
Uc = YznNAc = Vmt5
2 
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combininc equations 4.2-16 and 4.2-17: 
4.2-18 
and rearranging 
4.2-19 
The co-ordination number, n, of a given box in the Flory - Huggins lattice can be 
considered in terms of the layer containing the box, the layer above and the layer 
below. The co-ordination number at the surface, n" is therefore 2/3 n as one of 
the three layers has been removed on creating surface. Therefore: 
t5 = N If6( n )112 ( Y. ) 
A n- 2/3n V 1/3 
m 
t5 = N 116.J3 ( Ys ) A V 113 
m 
4.2-20 
which is an analogous expression to that empirically determined by Hildebrand35 
(see below). 
This method has also been used to calculate the solubility parameter of some 
polymers from the contact angle measurements of water and diiodomethane. The 
results of these experiments can be seen in table 4.2.2.2.1. 
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Advancing Advancing Calculated Literature 
Contact Contact Surface Solubility Solubility 
Angle H 2 0 Angle DIM Energy Parameter Parameter 
(81 0 ) (81") (r lmJm-2 ) (8 I Hb) (81Hb) 
p Dispersion 16.15 5.86 
T 
Polar 122.5 84.2 0.Q7 0.39 F 
E Total 16.22 5.87 6.2
36 
Dispersion 25.38 7.88 
P 
Polar 102.4 64.7 0.51 1.12 E 
Total 25.89 7.96 7.936 
P Dispersion 43.29 11.02 
E Polar 77.7 24.9 3.54 3.15 
T Total 46.83 11.46 10.036 
N Dispersion 8.68 4.36 
a 
f Polar 93.2 93.1 8.31 4.27 
H Total 16.99 6.11 9.6, 17.427 
N Dispersion 9.35 4.52 
a 
Polar 94.0 f 91.7 7.51 4.05 
L Total 16.86 6.08 9.6, 14.627 
N Dispersion 9.39 4.52 
a 
96.7 92.2 6.27 3.70 f Polar 
N Total 15.66 5.84 14.6, 19.2" 
N Dispersion 10.75 4.83 
a 
f Polar 105.1 91.1 2.66 2.40 
K Total 13.41 5.39 14.6, 19.227 
Table 4.2.2.2.1: Detennination of the Solubility Parameter from Contact Angles 
In table 4.2.2.2.1, DIM is diiodomethane, PTFE is polytetrafluoroethylene, PE is 
polyethylene, PET is polyethylene terephthalate, NafH is Nafion-H, NaiL is 
Nafion-Li, NafN is Nafion-Na and NatK is Nafion-K. The advancing contact 
angle was used because no receding angle was observed with the Nafion samples 
for water. For the polymers with different groups (Le. not all CF2 as in PTFE or 
CH2 as in polyethylene), such as the ether linkages in Nafion, an "average atom" 
was calculated. 
With this model, the calculated values for PTFE and polyethylene are in very 
close agreement with the literature values and the value for polyethylene 
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terephthalate is in fair agreement, much closer than by using the Hamaker 
constant method. 
The values for Nation do not agree with the literature values or the values 
obtained from the swelling data (section 4.1). This is probably due to the porous 
nature ofthe Nation membrane. 
This method has also been used to determine the solubility parameter of some 
polymers and solvents from surface energy values found in the literature36,37. The 
results of these calculations and a comparison with the literature values of the 
solubility parameter can be seen in table 4.2.2.2.2. 
Table 4.2.2.2.2 shows that the values for the solubility parameter calculated from 
literature values of the surface energy are in close agreement with the literature 
values of the solubility parameter36 for the polymers and non polar solvents. 
There is also fair agreement for the moderately polar solvents. For the polar 
solvents, however, there is poor agreement. 
This supports Hildebrand's empirical work. Hildebrand and Scott35 developed an 
empirical equation relating the solubility parameter of non-polar liquids with 
their surface tension: 
( )
0.43 
0=4.1 ~3 2.2.1-27 
where y is the surface tension. A total of 23 different liquids were used for their 
calculation to give an excellent fit. 
Lee38 expanded the work of Hildebrand and Scott by developing a similar 
empirical equation relating the solubility parameter of polar, oxygen containing 
liquids, such as alcohols, amides, carboxylic acids, ethers, esters, ketones and 
nitro compounds, with their surface tension: 
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( )
0.56 
0=3.6 :13 2.2.1-28 
A total of 63 different liquids were tested. A least squares correlation coefficient 
of 0.985 for saturated ethers, esters and amides was obtained. Poor correlation 
coefficients were obtained for the other polar liquids. It was also found that polar 
liquids not containing oxygen followed Hildebrand and Scott's equation. 
The correlation between the surface energy (or tension) of polymers or solvents 
(polar, moderately polar or non-polar) and their cohesive energy density can be 
seen in figures 4.2.2.2.1 - 4.2.2.2.4. 
Calculated Literature'· 
Surface Solubility Solubility 
Energy Parameter Parameter 
(r lm.Jm·2) (5IHb) (5IHb) 
Polar 
Methanol 22.61 7.09 14.5 
Ethanol 22.75 7.16 12.7 
I-Propanol 23.78 7.37 11.9 
2-Propanol 21.70 7.01 11.5 
I-Butanol 24.60 7.52 11.4 
Allyl 25.80 7.79 11.8 
Fonnamide 58.20 12.20 19.2 
Glycerol 47.70 11.21 16.5 
Water 73.05 12.99 23.4 
Non-polar 
Hexane 18.43 6.32 7.3 
Octane 21.80 6.95 7.6 
Benzene 28.85 8.43 8.4 
toluene 28.50 8.34 8.9 
Xylene 28.90 8.41 8.8 
Moderately polar 
Acetone 23.70 7.38 9.9 
Ethyl acetate 23.90 7.55 9.1 
Diethvl ether 17.01 6.12 7.4 
Polymers 
Teflon 19.10 6.37 6.2 
Polyethylene 33.20 9.01 7.9 
Polyethylene 47.30 11.34 10.0 
Polystyrene 42.00 10.59 9.1 
Polymethylmethacrylat 40.20 10.36 9.5 
Polyvinylchlorid 41.50 9.46 9.8 
.. 
Table 4.2.2.2.2: DetermmatlOll ofthe SolubIlIty Parameter from Surface Energies 
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Figures 4.2.2.2.1 - 4.2.2.2.4 show that the surface energy (or tension) of 
polymers and polar, moderately polar and non-polar solvents are directly 
proportional to their respective cohesive energy densities. The constant of 
proportionality is different in each case. The product moment correlation 
coefficient, R, is close to unity in each case, suggesting that the data is a good fit. 
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Figure 4.2.2.2.4: CED vs. Surface Energy for Non-Polar Solvents 
Leel4 adjusted the power to which the surface energy was raised and the constant 
of proportionality in the equation of Hildebrand and Scottll. It may have been 
more appropriate to adjust the constant of proportionality only, now this 
theoretical approach has been developed to compliment their empirical work. 
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A simple lattice model has been described for the estimation of solubility 
parameters from surface energies. The agreement with experiment is encouraging 
where accurate values for surface energy and solubility parameter are known. 
The large contact angle hysteresis makes it difficult to determine an accurate 
surface energy for Nation. Several factors can contribute to contact angle 
hysteresis but surface heterogeneity (which has been shown to be dependent on 
the degree of hydration of the membrane39) and functional group reorientation 
are the most likely factors in this case. Values for the surface energy of Nation 
obtained from advancing contact angles represent a minimum value, and it is 
interesting to note that this value is very similar to that of PT FE. Further progress 
in this area would require the preparation of a more chemically homogeneous 
Nation surface. 
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4.3 Swelling of Nation 
A study into the swelling properties of Nation was undertaken in an attempt to 
find the solvent blend that interacts most strongly with the Nafion membrane. 
4.3.1 Swelling of Nafion in Binary Solvent Systems 
4.3.1.1 Swelling ofNafion in Methanol and Water 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in table 4.3.1.1 and figures 4.3.1.1.1 and 4.3.1.1.2. The 
difference between the conventional method of calculating the solubility 
parameter, Omi: (equation 4.1.1-1), and the proposed method,omixb (equation 
4.1.1-3), are also shown in table 4.3.1.1. 
H+ Li+ Na+ K+ 
percent increase percent increase percent increase percent increase 
Water! MeOH Omixa Omil(b Volume! 
, 
Volume ~ Volume i Mass Volume i Mass Mass Mass 
0 1 100 14.5 14.5 135.2 
, 49.1 170.4 
, 
59.2 145.8 
, 
43.2 27.2 , 8.1 ! ! ~ ! 10 ! 90 15.2 15.4 183.6 ! 62.7 164.6 , 50.2 130.\ i 37.9 40.6 12.2 i , ! ! 20 ! 80 16.0 16.3 199.7 ! 67.9 155.3 ! 48.0 117.3 , 32.6 44.3 ISA ! ! , ! 
30 i 70 16.8 17.2 168.8 , 59.2 \38.2 ! 46.2 74.4 ! 31.6 52.6 15.3 , ! ! ! 
40 
, 
60 17.6 18.1 141.5 
, 
56.0 97.4 45.0 67.8 ! 30.\ 66.5 22.1 ! i ! 
50 i 50 18.4 19.0 132.6 ! 43.0 92.3 41.4 62.6 ! 28.9 74.6 24.8 j , 
60 I 40 19.3 19.8 1\6.2 34.1 84.9 43.8 64.0 
! 27.7 83.9 26.9 ! ! 
! , 
70 30 20.3 20.7 77.7 ! 32.5 78.2 37.8 60.9 ! 27.5 79.4 25.8 ! , 
80 ! 20 21.3 21.6 64.9 ! 30.5 71.8 34.0 50.6 ~ 25.2 72.6 23.0 i ! 
90 ! 10 22.3 22.5 56.3 1 24.1 67.7 34.0 48.6 ! 24.0 61.0 19.8 , ! ! ! ! ! ! 100 ! 0 23.4 23.4 49.0 ! 19.3 59.0 30.4 47.8 22.3 56.3 17.2 , ! 
. Table 4.3.1.1: Swelhng of Nation III Methanol and Water 
Table 4.3.1.1 shows that the difference between the conventional method of 
calculating the solubility parameter, Omixa, and the proposed method, Omixb, can be 
up to 0.6 Rb which is 3% of, Omi/. The greatest difference is in the middle of the 
composition range and as the composition tends towards a pure solvent the 
difference is much smaller, as would be expected. 
For both the mass and volume data, only the protonated and potassium cation 
forms exhibited a peak in swelling. The sodium and lithium forms both swelled 
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most in pure methanol, the lowest possible solubility parameter for this solvent 
system. When comparing the magnitude of swelling at the point of maximum 
swelling, protonated > lithium> sodium> potassium cation forms. 
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4.3.1.2 Swelling ofNafion in Ethanol and Water 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in table 4.3.1.2 and figures 4.3.1.2.1 and 4.3.1.2.2. The 
difference between the conventional method of calculating the solubility 
parameter, Omixa, and the proposed method, Omixb, are also shown in table 4.3.1.2. 
H+ Li+ Na+ K+ 
percent increase percent increase percent increase percent increase 
Water i EtOH o..u' amixb Volume l Mass Volume 1 Mass Volume! Mass Volume ~ Mass 
0 
, 
100 12.7 12.7 211.7 ! 62.7 154.8 , 74.0 60.9 ! 30.1 25.6 ! 7.9 ! ! ! ! ! 10 ! 90 13.6 13.9 256.9 , 98.4 165.4 ! 76.4 62.6 I 31.0 33.9 I 10.3 I 
! ! 
20 80 14.5 15.0 260.7 
! 
97.6 166.3 ! 79.8 69.9 33.2 37.4 12.2 ! 
70 15.4 16.1 265.7 103.8 163.6 ! 78.3 81.8 
, 
38.8 43.6 15.4 30 ! l , ! ~ 40 ! 60 16.4 17.2 231.3 99.4 159.9 ! 77.0 85.8 ! 43.2 52.7 , 17.3 ~ ! , ~ ! 50 ! 50 17.4 18.2 184.9 ! 77.7 155.7 ! 70.6 84.2 40.5 63.9 ! 22.1 i ! , ! , 60 i 40 18.5 19.3 159.9 ! 69.1 147.0 1 54.4 78.5 ! 35.4 74.8 ! 24.8 ! , i 70 , 30 19.6 20.3 142.4 58.0 122.8 , 41.8 78.2 1 30.4 77.3 26.9 i ! ! ! 
! 
, 
80 20 20.8 21.3 103.7 ! 40.2 78.2 ! 36.4 70.0 ! 28.3 76.3 ! 25.8 I , 
, 
90 ! 10 22.1 22.4 70.1 35.5 67.3 ! 35.6 53.2 , 27.9 62.5 ~ 19.8 , , , i , 100 ! 0 23.4 23.4 49.0 19.3 59.0 , 30.4 47.8 22.3 56.3 , 17.2 , , ! , ! 
Table 4.3.1.2: Swelhng ofNafion in Ethanol and Water 
Table 4.3.1.2 shows that the difference between the conventional method of 
calculating the solubility parameter, Omix", and the proposed method, Omixb, can be 
up to 0.8 Rb which is 4% of, om}. The greatest difference is in the middle of the 
composition range and as the composition tends towards a pure solvent the 
difference is much smaller, as would be expected. 
In ethanol, all the cation forms exhibited a peak in swelling for both the mass and 
volume data. When comparing the solubility parameter at the point of maximum 
swelling for the mass data, protonated < lithium < sodium < potassium. For the 
volume data the lithium peak is very broad but this relationship could still hold. 
When comparing the magnitude of swelling at the point of maximum swelling, 
protonated > lithium> sodium> potassium cation forms. 
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Figure 4.3.1.2.2: Swelling ofNafion in Ethanol and Water - Volume Increase 
The swelling of Nafion-H by vaporous ethanol/water blends has previously 
been reported and showed a similar trend4o• 
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4.3.1.3 Swelling ofNafion in I-Propanol and Water 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in table 4.3.1.3 and figures 4.3.1.3.1 and 4.3.1.3.2. The 
difference between the conventional method of calculating the solubility 
parameter, Omi:, and the proposed method, Omi}, are also shown in table 4.3.1.3. 
H+ Li+ Na+ K+ 
percent increase percent increase percent increase percent increase 
Water! I-PrOH 3mixa Bb ~ Volume ! Mass Volume l Mass Volwne i Mass Vohnne i Mass 
0 
, 
100 11.9 11.9 135.8 1 59.6 109.0 
! 52.6 23.6 
, 
9.3 17.8 ! 4.6 , , ! ! ! 10 90 12.8 13.2 240.3 , 78.7 134.5 , 56.8 56.3 19.1 24.9 , 7.9 , , , 
! 
, , , ! 20 80 13.8 14.5 266.7 , 104.7 141.8 i 57.2 76.0 ! 32.6 32.8 10.3 I ! , , , ! 30 70 14.9 15.7 288.2 1\8.9 161.5 , 73.4 122.3 , 52.8 38.2 12.2 
! ! ! ~ , 40 60 15.9 16.8 322.9 ! 125.5 210.2 , 88.6 144.1 58.5 44.0 i 15.4 , , , i i 50 , 50 17.0 18.0 335.6 ! 139.2 236.7 ! 1\ 1.4 153.5 , 67.3 51.1 , 17.3 , , 
60 
, 
40 18.2 19.1 342.5 1 136.7 256.5 ! 120.2 163.5 , 81.3 62.7 22.1 ! , , 
70 
, 
30 19.4 20.2 284.1 
, 
120.5 228.6 
, 
101.6 161.8 
, 
74.7 64.3 21.8 , 1 , t , 240.6 , ! 23.6 80 , 20 20.7 21.2 , 94.4 204.4 , 82.2 142.5 , 68.2 63.2 , , , ~ 90 ! 10 22.0 22.3 123.2 , 49.8 122.5 , 53.4 71.6 41.7 57.2 21.6 , , , 
100 , 0 23.4 23.4 49.0 ! 19.3 59.0 1 30.4 47.8 , 22.3 56.3 17.2 , , 
Table 4.3.1.3: Swelling ofNafion III I-Propanol and Water 
Table 4.3.1.3 shows that the difference between the conventional method of 
calculating the solubility parameter, Omix", and the proposed method, Omi}' can be 
up to 1.0 Hb which is 6% of, Omi}. The greatest difference is in the middle of the 
composition range and as the composition tends towards a pure solvent the 
difference is much smaller, as would be expected. 
In I-propanol, all the cation forms exhibited a peak in swelling for both the mass 
and volume data. When comparing the solubility parameter at the point of 
maximum swelling for the mass and volume data, protonated < lithium < sodium 
< potassium cation forms. When comparing the magnitude of swelling at the 
point of maximum swelling, protonated > lithium> sodium> potassium cation 
forms. 
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4.3.1.4 Swelling ofNafion in 2-Propanol and Water 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in table 4.3.1.4 and figures 4.3.1.4.1 and 4.3.1.4.2. The 
difference between the conventional method of calculating the solubility 
parameter, Omix', and the proposed method, Omi}, are also shown in table 4.3.1.4. 
H+ Li + N.+ K+ 
percent increase percent increase percent increase percent increase 
Water j 2-PrOH '5mi.x' SmiY.b Volume ! Mass Volume ~ Mass Volume ! Mass Volume i Mass 
0 100 11.5 11.5 124.6 , 37.3 109.0 
, 
37.4 28.5 
, 
11.4 17.8 ! 4.6 i ! j ! 
10 90 12.5 12.9 316.5 i 108.0 139.5 ! 48.8 33.1 , 14.5 24.9 , 7.9 j ! , ! 20 80 13.5 14.2 323.5 120.7 182.6 ! 67.2 77.7 , 27.2 26.9 , 10.3 ! ! i ! 30 70 14.5 15.4 345.9 ! 126.3 202.7 ! 77.4 92.6 36.9 38.2 ! 12.2 i 1 r 40 60 15.6 16.6 366.9 ! 133.5 245.7 ! 99.8 136.5 58.3 44.0 15.4 ! , ! 
50 ! 50 16.7 17.7 347.1 134.3 253.4 i 108.4 163.8 i 63.5 51.1 ! 17.3 
1 ! ~ 60 40 17.9 18.9 276.1 126.1 258.0 , 113.4 168.9 76.4 62.7 21.5 i ! ! 
! 70 
I 
30 19.2 20.0 241.5 111.4 236.1 ! 100.2 156.2 67.2 64.3 22.6 ! 
80 20 20.5 21.1 159.8 70.7 185.6 
, 
79.0 128.5 60.1 63.2 23.6 I , 90 10 21.9 22.3 78.9 41.6 99.2 35.8 72.3 33.8 57.2 ! 20.6 ! 100 0 23.4 23.4 49.0 19.3 59.0 30.4 47.8 22.3 56.3 ! 17.2 ! 
Table 4.3.1.4: Swellmg of Nafion m 2-Propano! and Water 
Table 4.3.1.4 shows that the difference between the conventional method of 
calculating the solubility parameter, Omix a, and the proposed method, Orni}, can be 
up to 1.0 Rb which is 6% of, omit The greatest difference is in the middle of the 
composition range and as the composition tends towards a pure solvent the 
difference is much smaller, as would be expected. 
In 2-propanol, all the cation forms exhibited a peak in swelling for both the mass 
and volume data. When comparing the solubility parameter at the point of 
maximum swelling for the mass and volume data, protonated < lithium < sodium 
< potassium cation forms. The peak for the protonated Nafion is much broader 
with 2-propanol than the other alcohols. When comparing the magnitude of 
swelling at the point of maximum swelling, protonated > lithium > sodium > 
potassium cation forms. 
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4.3.2 Swelling of Nafion in Ternary Solvent Systems 
4.3.2.01 Swelling ofNafion-H in Water, Methanol and Ethanol 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.01.1 - 4.3.2.01.5. 
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Figure 4.3.2.01.1: Swelling ofNafion-H in Water, MeOH and EtOH - Mass Increase 
From the data shown in figure 4.3.2.01.1 the percentage increase in mass or 
volume (not shown) was calculated (by curve fitting and interpolation) at 10 % 
intervals for the mass data and 25 % intervals for the volume data. These 
"isoswells", i.e. the different individual compositions ofthe ternary solvent blend 
that were calculated to give the same increase in mass or volume, were then 
plotted on ternary diagrams (figures 4.3.2.01.2 and 4.3.2.01.3). 
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The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. The 
mass data shows that the maximum swelling occurs when the methanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data fo r mass, shown in figure 4.3.2.01.1 , and volume can also be seen 
plotted against the solubili ty parameter of the solvent blend in fi gures 4.3.2.01.4 
and 4.3 .2.0 \. 5. Both the mass and volume data exhibit a peak in swelling at about 
16 Hb. 
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4.3.2.02 Swelling ofNafion-H in Water, Methanol and i-Propanol 
The experiments were perfo rmed as outlined in section 3.3. The results of these 
experiments can be seen ill figures 4.3.2.02.1 - 4.3.2.02.4. From the raw data, 
eq ui va lent to that in fi gure 4.3 .2.01. 1 but for the water, methanol and propanol 
solvent system (not shown), the percentage increase in mass or vo lume was 
calculated (by curve fitting and interpolation) at 10 % intervals fo r the mass data 
and 25 % intervals for the vo lume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3 .2.02. 1 and 4.3.2.02.2). 
The isoswells for both the mass and vo lume data exhibit a similar trend : as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swell ing decreases . Both 
sets of data shows that the maximum swell ing occurs when the methanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
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The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in fi gures 4.3.2.02.3 and 4.3.2 .02.4. Both the mass 
and volume data exhibit a peak in swell ing at about 18-19 Hb. 
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4.3.2.03 Swelling ofNafion-H in Water, Ethanol and i -Propanol 
The experiments were performed as outlined in section 3.3. The resul ts of these 
experiments can be seen in figures 4.3.2.03.1 - 4.3 .2.03.4. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but for the water, ethanol and I-propanol 
solvent system (not shown), the percentage increase in mass or vo lume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals fo r the volume data. These isoswells were then plotted on 
ternary diagrams (fi gures 4.3.2.03 .1 and 4.3.2.03.2). 
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Figure 4.3.2.03.2: Swelling of Nafion-H in Water, 
Ethanol and l-Propanol - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. Both 
sets of data shows that the maximum swelling occurs when the ethanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in fi gures 4.3.2.03.3 and 4.3.2.03A. Both the mass 
and volume data exhibit a peak in swelling at about 18-1 9 Hb. 
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4.3.2.04 Swelling ofNafion-H in Water, Ethanol and Diethyl Ether 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.04.1 - 4.3.2.04.2. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but for the water, ethanol and diethyl ether 
solvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpo lation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.04.1 and 4.3.2.04.2). 
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Figure 4.3.2.04.1: Swelling of Nafion-H in Water, 
Ethanol and Diethyl Ether - Mass Increase 
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Figure 4.3.2.04.2: Swelling ofNafion-H in Water, 
Ethanol and Diethyl Ether - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: unlike 
the solvent blends containing water and two alcohols the maximum swell does 
not occur at extremely low concentrations of one component of the blend. The 
maximum swell occurs at about 20 wt% diethyl ether, 40 wt% water and 40 wt% 
ethanol for both the mass and volume data. The isoswells then radiate out from 
the point of maximum swelling in an approximately elliptical fashion , cut off by 
the phase boundary. 
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4.3 .2.05 Swelling ofNafion-Li in Water, Methanol and Ethanol 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.05. 1 - 4. 3.2.05.4. From the raw data, 
equi valent to that in figure 4.3.2.01.1 but for the water, methanol and ethanol 
solvent system (not shown), the percentage increase in mass or vo lume was 
calculated (by curve fittin g and interpolation) at J 0 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3 .2. 05.1 and 4.3.2.05.2). 
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Figure 4.3.2.05.1: Swelling ofNafion-Li in Water, 
Methanol and Ethanol - Mass lncrease 
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Figure 4.3.2.05.2: Swelling ofNafion-Li in Water, 
Methanol and Ethanol - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases , the degree of swelling increases 
until the maximum is reached. The mass data shows that the maximum swelling 
occurs when the methanol (the alcohol with the shortest carbon chain in the 
solvent blend) concentration is very low. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3.2.05.3 and 4.3 .2.05.4. Both the mass 
and volume data exhibit a peak in swelling at about 14-15 Hb. 
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4.3.2.06 Swelling ofNafion-Li in Water, Methanol and i-Propanol 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.02.1 - 4 .3.2.02.4. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but for the water, methanol and I-propanol 
solvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.06.1 and 4.3.2.06.2). 
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Figure 4.3.2.06.1: Swelling ofNafion-Li in Water, 
Methanol and I-Propanol - Mass Increase 
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Figure 4.3.2.06.2: Swell ing of Nafion-Li in Water, 
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The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. Both 
sets of data shows that the maximum swelling occurs when the methanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3.2.06.3 and 4.3.2.06.4. Both the mass 
and volume data exhibit a peak in swelling at about J 9-20 Hb. 
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4.3.2.07 Swelling ofNafion-Li in Water, Ethanol and I-Propanol 
The experiments were performed as outl ined in section 3.3. The resul ts of these 
experiments can be seen in figures 4.3.2.07. 1 - 4.3.2.07.4. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but for the water, ethanol and I-propanol 
solvent system (not shown), the percentage increase in mass or vo lume was 
calculated (by curve fittin g and interpolation) at lO % intervals for the mass data 
and 25 % intervals fo r the volume data. These isoswells were then plotted on 
ternary diagrams ( fi gures 4.3.2.07. 1 and 4.3 .2.07.2). 
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Figure 4.3.2.07.1: Swelling ofNafion-Li in W ater, 
Ethanol and I -Propanol - Mass Increase 
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The isoswells fo r both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. Both 
sets of data shows that the maximum swelling occurs when the ethanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data for mass and volume can also be seen plotted against the solubil ity 
parameter of the solvent blend in figures 4.3.2 .07.3 and 4. 3.2 .07.4. Both the mass 
and volume data exhibit a peak in swelling at about 19-20 Hb. 
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4.3.2.08 Swelling ofNafion-Na in Water, Methanol and Ethanol 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.08.1 - 4.3.2.08.4. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but for the water, methanol and ethanol 
solvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 2S % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.08.1 and 4.3 .2.08.2). 
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Figure 4.3.2.08.1: Swelling ofNafion-Na in Water, 
Methanol and Ethanol - Mass Increase 
223 
0.0 
Cl- 0.4 
ff 
,# 0.5 "1----'0 
0.6 
0.9 
Chap/er 4.0 - Resulls and Discussion 
0.6 ~ 
~ . 
---"c---'r- 0.5 ~ • g.. 
X----7;----\_ 0.4 • 
• • 
Y. X/ 
50% 
75% 
100% 
125% 
;\ \ \ /7'-7' ... / 
1 . 0 )l---,.-7--r-r~",--,--r...-r--r-r-'-'--'--"""'r-7""'--r-t- 0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Water 
Figure 4.3.2.08.2: Swelling of Nafion-Na in Water, 
Methanol and Ethanol - Volume Increase 
The isoswells for both tbe mass and volume data the maximum swelling occurs 
in high methanol concentrations. This is the opposite to the trend observed with 
the protonated and lithium forms ofNafion. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3 .2.08.3 and 4.3 .2.08.4. Both the mass 
and volume data exhibit a peak in swelling at about 14-16 Hb. 
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4.3.2.09 SwellingofNafion-Na in Water, Methanol and I-Propanol 
The experiments were performed as outlined in section 3.3 . The results of these 
experiments can be seen in figures 4.3.2.09. 1 - 4.3.2.09.4. From the raw data, 
equivalent to that in figure 4.3 .2.01 .1 but for the water, methanol and I-propanol 
solvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2. 09.1 and 4.3.2.09.2). 
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Figure 4.3.2.09.1: Swelling ofNafion-Na in Water, 
Methanol and I-Propanol - Mass Increase 
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Figure 4.3.2.09.2: Swelling ofNafion-Na in Water, 
Methanol and I-Propanol - Volume Increase 
The isoswells fo r both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. Both 
sets of data shows that the maximum swelling occurs when the methanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data for mass and volume can also be seen plotted aga inst the solubili ty 
parameter of the solvent blend in fi gures 4.3.2.09.3 and 4.3.2.09.4. Both the mass 
and volume data exhibit a peak in swelling at about 19-20 Hb. 
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4.3.2.10 SwellingofNafion-Na in Water, Ethanol and 1-Propanol 
The experiments were performed as outlined in section 3.3. The results of these 
experiments can be seen in figures 4.3.2.10.1 - 4.3 .2.10.4. From the raw data, 
equivalent to that in figure 4.3.2.0 1.1 but for the water, ethanol and I -propano l 
solvent system (not shown), the percentage increase in mass or vo lume was 
ca lculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.10. I and 4.3.2 .10.2). 
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Figure 4.3.2.10.1: Swelling ofNafion-Na in Water, 
Ethanol and I-Propanol - Mass Increase 
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Figure 4.3.2.10.2: Swelling of Nafion-Na in Water, 
Ethanol and l-Propanol - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. Both 
sets of data shows that the maximum swelling occurs when the ethanol (the 
alcohol with the shortest carbon chain in the solvent blend) concentration is very 
low. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3.2.10.3 and 4.3.2.10.4. Both the mass 
and volume data exhibit a peak in swelling at about 19-20 Hb. 
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4.3.2.11 Swelling ofNaflon-K in Water, Methanol and Ethanol 
The experiments were performed as outlined in section 3.3 . The results of these 
experiments can be seen in figures 4.3.2. 11.1 - 4.3.2. 11.5. From the raw data, 
equivalent to that in figure 4.3.2 .1.1 but for the water, methanol and ethano l 
solvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.11 .1 and 4.3.2.11. 2). 
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Figure 4.3.2.11.1: Swelling ofNafion-K in Water, 
Methanol and Ethanol - Mass Increase 
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Figure 4.3.2.11.2: Swelling ofNafion-K in Water, 
Methanol and Ethanol - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3 .2. 11.3 and 4.3 .2.11.4. Both the mass 
and volume data exhibit a peak in swelling at about 19-21 Hb. 
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4.3.2. 12 SwellingofNafion-K in Water, Methanol and I-Propanol 
The experiments were performed as outlined in section 3.3 . The results of these 
experiments can be seen in figures 4.3.2.12.1 - 4.3 .2. 12.4. From the raw data, 
equivalent to that in figure 4.3.2.01.1 but fo r the water, methanol and I-propanol 
so lvent system (not shown), the percentage increase in mass or volume was 
calculated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.12.1 and 4 .3.2.12.2). 
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Figure 4.3.2.12.1: Swelling ofNafion-K in Water, 
Methanol and I-Propanol - Mass Increase 
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Figure 4.3.2.12.2: Swell ing of Nafion-K in Water, 
Methanol and I-Propanol - Vo lume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. The 
volume data shows that the maximum swelling occurs at low propanol 
concentrations, the opposite of the trend observed for the other cations studied. 
The raw data fo r mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3 .2.12.3 and 4.3.2.12.4. Both the mass 
and volume data exhibit a peak in swelling at about 19-2 1 Hb. 
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4.3.2.i3 Swelling of Nafion-K in Water, Ethanol and i-Propanol 
The experiments were performed as outlined in section 3.3. The resu lts of these 
experiments can be seen in figures 4.3.2. 13.1 - 4.3 .2.13.4. From the raw data, 
equiva lent to that in figure 4.3.2 .01.1 but for the water, ethanol and I-propanol 
solvent system (not shown), the percentage increase in mass or volume was 
calcu lated (by curve fitting and interpolation) at 10 % intervals for the mass data 
and 25 % intervals for the volume data. These isoswells were then plotted on 
ternary diagrams (figures 4.3.2.13. 1 and 4.3.2.13.2). 
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Figure 4.3.2.13.1: Swelling ofNafion-K in Water, 
Ethanol and I-Propanol - Mass Increase 
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Figure 4.3.2.13.2: Swelling of Nafion-K in Water, 
Ethanol and I-Propanol - Volume Increase 
The isoswells for both the mass and volume data exhibit a similar trend: as the 
water content of the solvent blend decreases, the degree of swelling increases 
until the maximum is reached and then the degree of swelling decreases. The 
Mass data shows that the maximum swelling occurs at low I-propanol 
concentrations, the opposite of the trend observed for the other cations studied. 
The raw data for mass and volume can also be seen plotted against the solubility 
parameter of the solvent blend in figures 4.3.2.13.3 and 4.3.2 .1 3.4. Both the mass 
and volume data exhibit a peak in swelling at about 20-21 Hb. 
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4.3.3 Summary of Swelling Studies 
The solubility parameter of the solvent blend at peak swelling for the bin ary 
blends can be seen in table 4.3.3 .1: 
H' Lt Na+ K+ 
Mass Volume Mass Volume Mass Volume Mass Volu 
Methanol/water 16.3 16.3 20.1 20. 
Ethano IIwater IS .3 15.3 \5.0 \5.0 17.2 17.2 20.2 20. 
I-Propanol/water 18 .0 \9.0 \9.0 \9.0 \9.0 \9.2 21.2 20. 
2-Propanol/wate 17.8 \6.6 \9.0 19.0 \9.0 \9.0 21.2 20. 
Table 4.3.3.1: Solubil ity Parameter (Hb) of the Solvent Blend at Peak Swelli 
ill 
1 
5 
7 
7 
ng 
The solubili ty parameter of the solvent blend at peak swelling for the tern ary 
ary 
hyl 
the 
blends can be seen in table 4.3 .3.2. It is interesting to note that for each tern 
solvent blend of two alcohols and water (but not the ethanol / water / diet 
etber system), the maximum (peak) swelling occurred with only water and 
alcohol with the longest alkyl chain (i .e. a binary solvent blend). 
H+ Li+ Na+ K+ 
Mass Volume Mass Vo lume Mass Volume Mass Volu m 
MeOH/EtOH/water 15.3 15.3 15.0 15.0 J 7.2 17.2 20.2 20. 
MeOHlI-PrOH/water 18.0 19.0 19.0 19.0 \9.0 \9.2 21.2 20. 
EtOHII-PrOH/water 18.0 \9 .0 \9.0 19.0 19.0 \9.2 21.2 20. 
Table 4.3.3.2: Solubility Parameter (Hb) of the Solvent Blend at Peak Swelli 
5 
7 
7 
ng 
The values of the solubi lity parameter of the solvent blend at maximum swell ing 
do not agree with those obtained from swelling in single solvents (section 4.2. 1 ). 
01) Tbis is probably because in a binary solvent blend, one component (the alcoh 
can interact more strongly with the hydrophobic PTFE backbone and the at her 
(the water) can interact more strongly with the hydrophilic sulfonate group. 
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4.4 Redissolution of Phase Inverted Nafion 
It had been previously shown 13 that the phase inverted powder In the lithium 
form was readily soluble in a variety of solvents at ambient temperature to give 
high concentration Nafi on solutions. It was decided that a true ternary phase 
diagram (i.e. no ether produced) for Nafion-H should be constructed at ambient 
temperature to obtain a maximum solubility. 
4.4.1 Rel/issollltion of PIlase 1nvertetl N lIjiOIl in Metllanol / Water 
The experiments were performed as outlined in section 3.4 . The ternary diagram 
obtained can be seen below in figure 4 .4.1. Concentrations of up to 36.0 wt% 
were achieved. These data can also be seen in figure 4.4. l a compared with the 
swelling data obtained in section 4.3. Both of the curves in figure 4.4. 1 a peak 
between 16 and 17 Hb and are similar in shape. 
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Figure 4.4.1: Maximum Solubil ity of Phase Inverted Nafion-H in Methano l / Water 
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4.4.2 Redissolution of Phase Inverted Nafion in Ethanol/Water 
The experiments were performed as outlined in section 3.4. The ternary diagram 
obtained can be seen below in figure 4.4.2. Concentrations of up to 44.0 wt% 
were achieved. These data can also be seen in figure 4.4.2a compared with the 
swelling data obtained in section 4.3. Both of the curves in figure 4.4.la peak 
between 15 and 16 Rb and are similar in shape. 
With each alcohol it was found that with the preliminary runs (where excess 
Nafion powder was used and the solution concentrations gravimetric1y 
determined) slightly more polymer was soluble. This result suggests that there is 
indeed a selective dissolution oflower equivalent or molecular weight polymer. 
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Figure 4.4.2: Maximum Solubility of Phase Inverted Nafion-H in Ethanol/Water 
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4.4.3 Redissolution 0/ Phase Inverted Nafion in I-Propanol/Water 
The experiments were performed as outlined in section 3.4. The ternary diagram 
obtained can be seen below in figure 4.4.3. Concentrations of up to 49.0 wt% 
were achieved. These data can also be seen in figure 4.4.3a compared with the 
swelling data obtained in section 4.3. Both of the curves in figure 4.4.la peak 
between 18 and 19.5 Rb and are similar in shape. 
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Figure 4.4.3: Maximum Solubility of Phase Inverted Nafion-H in I-Propanol/Water 
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Figure 4.4.3a: Comparison of Red is solution and Swelling in I-Propanol I Water 
The redissolution of phase inverted Nafion was not attempted in I-butanol / 
water due to miscibility considerations. 
4.4.4 Redissolution of Phase Inverted Nafion in Ethanol/WaterlDiethyl Ether 
The experiments were performed as outlined in section 3.4. The solvent blend 
was spiked with 20% diethyl ether and the remaining 80% was made up of 
ethanol and water in the same proportions as the unspiked samples. In other 
words, the 50:50 spiked sample would in fact be 20% diethyl ether, 40% ethanol 
and 40% water. Concentrations of up to 36.0 wt% were achieved. 
These data can be seen in figure 4.4.2, compared with the redissolution data for 
the ethanol/water system. Both peaks are a similar shape but the ether spiked 
solvent blends dissolved significantly less polymer. This suggests that the 
production of ether during the dissolution process may improve the kinetics of 
the solubilisation (from the swelling data) but it hinders the extent of dissolution. 
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4.4.5 Summary of the Redissolution of Phase Inverted Nafion 
It has been shown that the phase inverted Nafion powders made from Nafion 
solutions are readily soluble in alcohol/water blends. This method has given the 
highest concentration Nafion solutions of all the methods tried (up to 49 wt%). It 
has also been shown that the that the solubility parameter of the solvent blend at 
maximum solubility is very close to the solubility parameter at maximum 
swelling for each alcohol/water blend. 
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4.5 Production of Membranes from Nation Solutions 
Although not a main technological target of the project, an attempt was made to 
produce useful membranes from off-cuts and used membranes. Two different 
approaches have been attempted: 
4.5.1 Casting of Membranes from Nafion Solutions 
The experiments were performed as outlined in section 3.5.1. Films were cast 
directly onto a level petri dish in an oven at 100 - 160°C from 5-15 wt% 
solutions made in the bomb and the Du Pont 5 wt% commercially available 
solution. 5-15 wt % solutions made in the bomb were also solution processed at 
100°C in either ethylene glycol, propylene glycol, dimethyl sulfoxide or 
dimethyl acetamide and films were then cast onto a level petri dish in an oven at 
100 - 160°C, sometimes under nitrogen (oxygen free). 
The films made from the Du Pont solution or by solution processing were 
mechanically strong and could easily be removed from the petri dish in one 
single piece of approximately even thickness (about 2 thousandths of an inch). 
On close inspection, all these membranes exhibited an "orange skin" effect if 
inspected in the correct lighting conditions, as shown below in figures 4.5.1.1 
(where the effect cannot be seen and the typescript on the paper is clear) and 
4.5.1.2 (where the effect can be clearly seen). This effect is probably due to the 
last of the solvent not evaporating evenly from the surface of the membrane. 
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Figure 4.5.1.1: Solution Processed Membrane Cast from DMSO 
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The membranes cast directly from the solutions made in the bomb were severely 
cracked. The sections of membrane between the cracks seemed to have a similar 
mechanical strength to the solution processed membranes, however. This is 
probably because a membrane swollen in an alcohol/ether / water mixture 
(which is what a membrane cast directly from the solutions made in the bomb 
effectively is towards the end of the casting process) can increase more than 
475 % in volume but a membrane swollen in ethylene or propylene glycol can 
only increase about 150% in volume. As the solvent evaporates from this highly 
swollen membrane, it contracts, literally tearing itself apart, causing the cracking 
observed. 
Membranes made from the Du Pont solution do not crack on casting. The 
composition of this solution, according to the bottle, is: Nafion «10 %), Water 
(30-60 %), I-propanol (15-30 %), 2-propanol (15-30 %), I-butanol (5-10 %), 
methanol «5 %), mixed ethers «4 % which is significantly lower than the 
quantities produced in section 4.1) and hydrocarbons «3 %). The hydrocarbons 
have probably been added, and ether content reduced, after the dissolution 
process to reduce the degree of swelling towards the end of the casting process 
and give good quality membranes. 
It was found that membranes solution processed and cast at low temperatures 
(-100°C) did not maintain mechanical integrity if swollen in a 1: I : I ethanol / 
diethyl ether I water solvent blend. Membranes made from the Du Pont solution 
did maintain their mechanical integrity. 
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A study was made into the effect of the temperature and time of the casting of 
solution processed films on the mechanical strength when swollen in a I: I: 1 
ethanol/ diethyl ether / water solvent blend. It was found that temperatures of at 
least 160°C and times of at least one hour were required to give a membrane that 
would not fall apart in the solvent blend. These high temperatures and times 
effectively annealed the membrane after casting. 
At these higher temperatures the membranes processed in ethylene and propylene 
glycol were discoloured. This discoloration was removed by acid cleaning in the 
usual way. The discoloration probably due to a reaction of the superacid catalyst 
and the polyols. No discoloration was observed with the membranes processed in 
dimethyl sulfoxide and only slight discoloration was observed with the 
membranes processed in dimethyl acetamide. 
In an attempt to create a high concentration Nafion solution that could be cast 
directly, like Du Pont's commercially available solution, relatively high boiling 
point hydrocarbons such as dodecane were added to 15 wt% solutions in ethanol 
/ diethyl ether / water made in the bomb, with the ether removed on a rotary 
evaporator. It was found that only very small quantities «I %) could be added 
before a two phase system resulted, which made no difference to the casting 
process. 
Eventually it was found that by removing the ether and adding at least 25 wt% 
dimethyl sulfoxide, a 13 wt% solution resulted that could be cast directly at 
160°C for one hour to give an uncracked membrane that did not fall apart in a 
1:1:1 ethanol/ diethyl ether / water solvent blend. 
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4.5.2 Production of Melt Processable Najiol/ 
4.5.2. ] Production of Melt Processable Naflon-TBA 
The melt processable qualities of Nafion in the tetrabutylammonium form (the 
sodium cation form was said to exhibit no evidence of flow) have previously 
been reported. Moore, Cable and Croley I4. 15, di ssolved Nati on, in the 
tetrabutylammonium form in the usual way and the resulting solutions were 
processed by steam stripping (this process invo lved the precipitation in a large 
excess of boiling deionised water), yielding a flu ffY white, amorphous 
precipitate. 
This precipitate was then dried in a vacuum oven at 60°C overnight and ground 
into a tine powder. Samples of this tetrabuty lammonium fo rm powder were 
pressed between steel plates at 190°C and 200 psi. The authors claim that some 
of these membranes were converted to the protonated form by refluxing in 8 M 
nitric ac id. 
This study has shown that this multi step procedure is not necessary. Protonated 
Nation 11 5 membrane can simply be converted to the tetrabuty lammonium form 
by stirring in a water / methanol based tetrabuty lammonium hydroxide soluti on. 
This membrane could then be folded on itself a number of times and hot -
pressed between steel plates with a PET back.ing to produce a film, as shown 
below in fi gure 4.5.2 .1.1: 
F igure 4.5.2.1.1: Nafion-TBA Pressed Film 
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The original piece of Nafion-TBA 11 5 did not show the orange / yellow spots 
shown in figure 4.5.2.1.1. This suggests that these spots form as a result of the 
high temperatures of the press ing process, probably by thermal degradation of 
the tetrabutylammonium cation. 
A study was made into the effects of temperature, time at temperature before 
press ing, time at temperature during pressing and pressure applied on the 
membranes formed. Nafion-TBA 115 and a Nafion-TBA powder produced as 
outlined in section 3.5.2 were studied. It was found that at temperatures below 
180°C the me mbranes formed tended to have small holes and as the temperature 
was increased, the number and size of the orange / yellow spots shown in figure 
4.5.2.1.1 greatly increased until at 230°C the membrane is predominantly 
coloured. 
If the Nafion-TBA 115 or Nafion-TBA powder was pressed immediately on 
insertion into the press then the surfaces of the resulting membrane was covered 
with tiny bubbles. This was probably due to water within the powder or 
membrane boiling off. If the Nafion-TBA 115 or Nafion-TBA powder was left at 
temperature for more than 90 seconds then these bubbles did not occur. If the 
Nafion-TBA 115 or Nafion-TBA powder was left at temperature for more than 
three minutes then the number and size of the orange / yellow spots shown in 
figure 4.5.2.1.1 increased. 
It was found that for Nafion-TBA 115, the pressure had to be applied for at least 
25 seconds for a good quality film , i. e. a film of even thickness and no holes, to 
form. With the Nafion-TBA powder, the pressure had to be applied for at least 15 
seconds to form a good quality film . This di fference is probably due to the fact 
that the folded membrane is much thicker than the powder. Again, if the Nafion-
TBA 11 5 or Nafion-TBA powder was pressed for more than three minutes then 
the number and size of the orange / yellow spots shown in figure 4.5.2.1.1 
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increased. The only difference the pressure applied made was to the thickness of 
the film. 
The optimum conditions to produce a film of even thickness and no holes while 
minimising the discoloration were found to be: press at three tonnes, holding the 
temperature at 200°C for two minutes before pressing and holding at temperature 
for 30 seconds during pressing. 
Attempts were made to convert the films made as described above back to the 
protonated form by retluxing in 8 M nitric acid (by the method of Moore, Cable 
and Croley) but on titration wi th sod ium hydroxide it was found that less than 
10 % of the film was converted to the protonated form . Even when the fihn was 
refluxed in 70 % nitric acid (- 18 M) for 12 hours that less than 10 % of the film 
was converted to the protonated form. It was found that both the unpressed 
Nafion-TBA lIS or Nafion-TBA powder would convert to the protonated form 
which suggests that the pressin g process alters the structure of the membrane. 
This is possibly achieved by a combination of the heat removing water that is 
normally bound to the Nafion and the pressure collapsing the pore system so the 
ac id cannot penetrate the polymer to gain access to the sulfonate sites. 
4.5.2.2 Production of Melt Processable Najion-H 
The method for producing a tine powder of Nation as outlined in section 3.5.2 
was developed after the failure of the convers ion of the pressed Nafion-TBA to 
see if the protonated form of Nation could be made melt processable in the same 
way. It was found that the protonated form of Nafion could also be pressed into 
membranes. An example, for which the powder was deliberately laid in a wedge 
shape to ascertain the bow thin the membrane could be made, can be seen in 
figure 4.5.2.2. 1: 
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Figure 4.5.2.2.1: Nafion-H Pressed Film 
A study was made into the effects of temperature, time at temperature before 
pressing, time at temperature during pressing, pressure applied and size of the 
particles of powder on the membranes formed. It was found that at temperatures 
below 145°C the membranes formed tended to have small hol es and as the 
temperature was increased above 200°C the membranes became discoloured, 
suggesting thermal degradation had occurred. 
If the powder was pressed immediately on insertion into the press then the 
surfaces of the resulting membrane was covered with tiny bubbles to a much 
greater extent than the tetrabutyl ammonium form. This was probably due to 
water within the powder boiling off and Nafion-H has more associated water 
than Nafion-TBA. If the powder was left at temperature for more than 90 seconds 
then these bubbles did not occur. If the powder was left at temperature for more 
than two and a half minutes membranes became discoloured, suggesting thermal 
degradation had occurred. 
It was found that the pressure had to be applied for at least 30 seconds for a good 
quality film, i.e. a film of even thickness and no holes, to form. Again, if the 
powder was pressed for more than three minutes then the membranes became 
discoloured, suggesting thermal degradation had occurred. The only difference 
the pressure applied made was to the thickness of the film but it required about 
three times the pressure with Nafion-H to make a 5.0 thousandths of an inch 
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membrane than the Nafion-TBA, 10 tonnes, which was also the limit of the press 
used. It was found that a finer the powder gives a thinner membrane. 
The optimum conditions to produce a film of even thickness and no holes while 
minimising the discoloration were found to be: use the finest possible powder, 
press at 10 tonnes, holding the temperature at 190°C for one and a half minutes 
before pressing and holding at temperature for 30 seconds during pressing. This 
work shows potential but a method to produce finer powders and a better press 
are required to take it further. 
Although the magnitude of flow of the protonated Nafion powder is small, there 
is sufficient local melting (probably of the polar sulfononic acid regions on the 
outside of the particles) to bond the particles together giving a good strong 
membrane. One such pressed membrane was tested on a fuel cell rig (kindly 
loaned by Intelligent Energy) and the results of this limited study can be seen in 
appendix 2. 
4.5.3 Summary of the Production of Membranes from Naflon Solutions 
Three distinct methods of producing membranes from Nafion solutions, with the 
same desirable characteristics as the as received membrane, have been studied: 
solution processing and casting, addition of DMSO and casting and by hot 
pressing. The least time consuming and least expensive of these processes is the 
addition ofDMSO and casting. 
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5.0 Conclusions 
The original motivation behind this project was to identify the most suitable 
route to the solubilisation of Nafion membrane off-cuts and used membrane. 
These are generated from both the production of bipolar stacks for the Regenesys 
regenerative fuel cell and subsequent exhausted membrane at the end of the 
useful life of the cell. It was also desirable to maximise the concentration of the 
N afion solutions for ease of storage and transport. 
The literature survey identified two routes for this solubilisation process: water / 
alcohol blends in an autoclave and reflux in a high boiling point solvent. An 
extensive study into the solubilisation using a high temperature and pressure 
reactor is reported here. The effects of temperature, time at temperature, cation 
form, alcohol and proportions of alcohol and water in binary solvent blends on 
the dissolution ofNafion at elevated temperature and pressure has been made and 
significant progress has been made in filling the numerous gaps in the literature 
on this subject. A study into the effects of alcohol and water in ternary solvent 
blends on the dissolution of Nafion at elevated temperature and pressure would 
be rewarding but due to the gigantic number of possible permutations, and 
therefore time, was not attempted here. The maximum solution concentration of 
Nafion was established as 15 wt%. This was found to be limited by the acid 
catalysed generation of ether during the autoc1aving process. 
A second solubilisation route at high temperature and pressure was also 
investigated, using a microwave bomb. Although this process was far less time 
consuming, the generation of ether was again limiting. The temperature, pressure 
and volume limits of the microwave bomb are all much less than the autoclave 
and as a result the highest concentration solutions made were 2 wt%. Despite 
these limitations this route warrants further investigation. 
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An investigation into the solubilisation of Nation by reflux provided solution 
concentrations of up to 1 wt%. This route does have the advantage of requiring 
relatively inexpensive capital equipment and can be carried out at atmospheric 
pressure. 
A study of the solubility parameter of Nation has provided results conflicting 
with those in the literature. A simple lattice model has been developed for the 
estimation of solubility parameters from surface energies. The agreement with 
experiment is encouraging where accurate values for surface energy and 
solubility parameter are known. However, the large contact angle hysteresis 
makes it difficult to determine an accurate surface energy for Nation. The 
preparation of a more homogeneous Nation surface would be required to advance 
this technique. 
A study of the swelling properties of Nation membrane in binary and ternary 
mixtures of water and low aliphatic alcohols has also been made. The work on 
binary solvent blends shows a high degree of correlation with the redissolution 
work. There is little correlation between either the swelling data or the 
redissolution data and the dissolution at elevated temperature and pressure. 
Membranes were manufactured from solutions of Nation by solution processing 
then casting, addition of DMSO and then casting and by making powders which 
were subsequently hot pressed. All these methods yielded good, clear, pinhole 
free membranes. 
High concentration Nation solutions have been made by the redissolution of the 
powder obtained from the controlled drying of Nation solutions made at elevated 
temperature and pressure. Concentrations of up to 49 wt% were achieved. This is 
far in excess of any concentration of Nation solution reported in the literature. It 
was shown that the maximum dissolution occurred at a similar solubility 
parameter of the alcohol/water blend to the maximum swell. 
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A preliminary study is reported which shows the result of the performance of a 
membrane formed from a hot melt process in a fuel cell. The initial results are 
very encouraging and show that the membrane behaves equally as well as 
commercial Nation 112. Hence, complete recyc!ability of the membrane has been 
achieved. Further electrochemical characterisation of membranes produced in 
this study would clearly be the way to advance this work. 
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Appendix 1 - Removal of Sulfur from Nation Membranes 
During the lifetime of the Regenesys cell, certain conditions exist within the 
membrane which can lead to sulfur precipitation. The actual process of sulfur 
precipitation within the membrane is still unclear but probably results from the 
transport ofHS· from the polysulfide electrolyte (pH"" 14) across the membrane 
to the bromide electrolyte (pH"" 5). 
The transported HS· encounters the powerfully oxidising bromine environment 
and is oxidised to thiosulfate and sulfate. The free proton lowers the pH of the 
bromide and it is therefore likely that a pH gradient is set up within the 
membrane such that subsequent transport ofHS· from the poly sulfide electrolyte 
now encounters a more acidic environment, which preferentially precipitates 
sulfur. 
Numerous cycles are achieved before sulfur deposition within the membrane 
becomes significant enough to reduce the cell efficiency beyond an acceptable 
level. However, once the cell is unserviceable it has to be replaced. The module 
contains a considerable amount ofPFSI, some containing sulfur, which could be 
recovered. 
ALl Experimental 
Preliminary experiments were performed by cutting IOmm X 10mm squares of 
the Nafion 115, in the sodium form, with sulfur deposits. Some of these squares 
were boiled in each of the following solutions: sodium sulfide nonohydrate, 
sodium hydroxide, hydrogen peroxide and pure ethanol. 
Following these experiments more squares of the membrane with sulfur deposits 
were cut. A study into the effect of the concentration of sodium sulfide 
nonohydrate on the time taken to remove the sulfur from the membrane. At each 
concentration three squares were soaked in a solution and the time taken to 
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remove the sulfur from each piece of the membrane was measured, and the mean 
taken. A study was also made into the effects of the temperature and the 
concentration of sodium hydroxide on the time taken to remove the sulfur 
deposits from the membrane. 
At each temperature four concentrations were used and at each concentration 
three squares were soaked in a solution of sodium hydroxide and the time taken 
to remove the sulfur from each piece of the membrane was measured, and the 
mean taken. 
A1.2 Results and Discussion 
Experiments were carried out as outlined in section ALL Preliminary 
experiments showed that an aqueous sodium sulfide solution at room temperature 
and sodium hydroxide at elevated temperature would remove the sulfur deposits 
from within the membrane. 
Neither the ethanol or hydrogen peroxide would remove the sulfur deposits at 
any temperature up to their boiling point. 
Following these experiments, a study into the effect of the concentration of 
sodium sulfide nonohydrate on the time taken to remove the sulfur from the 
membrane was made at room temperature. The results of these experiments can 
be seen in figure A 1.1 : 
This graph clearly shows that, as expected, at higher sulfide concentrations the 
required time to remove the sulfur deposits is reduced. Figure Al.2 shows a 
plot of the natural logarithm of time vs. sodium sulfide concentration. In 
this plot, two distinct regions, represented by the straight lines, can clearly be 
seen. 
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In the first region, between about 5 and 12 wt% sodium sulfide, the removal 
of the sulfur deposits is predominantly dependent on concentration of the 
sulfide. In the second region, above about 12 wt% sulfide, the removal of sulfur 
is predominantly dependent on the diffusion of the sulfide through the 
membrane. 
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Figure AI.I: Effect of Sodium Sulfide Concentration on Removal Time 
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Figure A1.2: Effect of Sodium Sulfide Concentration on Removal Time 
The mechanism of the removal of the sulfur deposits by sodium sulfide appears 
to be via the formation of sodium polysuJfide, which can diffuse out through the 
membrane: 
Na2S + lI,S8 ~ Na2SS 
2Na2SS<=> Na2S4 + Na2S6 
A study was also made into the effects of the temperature and concentration of 
sodium hydroxide on the time taken to remove the sulfur from the membrane. 
The results of this study can be seen in figures Al.3 - A1.5: 
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Figure A1.5: Effect of Hydroxide Concentration on Removal Time - 80°C 
This study showed that an increase in temperature or an increase in the sodium 
hydroxide concentration reduced the time taken for the removal of the sulfur 
deposits. The removal at 90 or 100°C appears to depend only on the hydroxide 
concentration but at 80°C two distinct regions can clearly be seen again, one 
concentration dependent «5 wt%) and the other diffusion dependent (>5 wt%). 
The mechanism of the removal of the sulfur deposits by sodium hydroxide also 
appears to be via the fonnation of sodium polysulfide, which diffuses out through 
the membrane: 
2NaOH + 5/888 ~ Na285 
2Na285 <=> Na284 + Na2S6 
Scanning Electron Microscopy (SEM) has also been used (and was kindly 
perfonned by Mr. John Bates, IPTME, Loughborough University) to look at the 
surfaces of unused, sulfur deposited and cleaned membrane: 
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Figure A1.6: SEM of Unused Nafion 117 
It can clearly be seen that the population of appendages on the surface of the, 
sulfur deposited membrane is far greater than that of either the unused or cleaned 
membrane. 
Figure AJ.7: SEM ofNafion 117 with Sulfur Deposits 
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Figure A1.8: SEM of Cleaned Nafion 117 with Sulfur Deposits Removed 
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Appendix 2 - Testing of a Hot Pressed 
Membrane in a Fuel Cell Test Facility 
Appendix 2.0 
A membrane made by the hot pressing of a fine, protonated Nafion powder has 
been studied in a fuel cell test facility. 
A2.1 Experimental 
The as received membrane was cleaned as described in section 3.1.1. The 
required proportions of water, ethanol and clean, protonated Nafion to make a 15 
wt.% solution were then sealed in a Parr 4842 stirred reactor and the solutions 
were made in the usual way (section 3.1.1). These 15 wt.% solutions were then 
gently heated (about 60°C) on a hotplate for about 30 hours. The volume of 
solution was kept roughly constant by periodically adding water. The purpose of 
this process was to greatly reduce the proportion of volatiles (ethanol and diethyl 
ether) in the solvent blend. 
The mainly aqueous solution was then dried using a Savant ModulyoD freeze 
drier to form a fibrous matt of phase inverted Nafion. This matt was then ground 
using a Moulinex coffee grinder and the resulting powder was sieved through a 
90llm sieve and the <901-lm fraction collected. Nafion powder was used in the 
protonated form. 
These powders were then pressed, between steel plates with a PET backing, in a 
hot press at various temperatures (120 - 200°C) for various times (10 - 300 
seconds) at various pressures (1 - 10 tonnes). Some samples were left at 
temperature (30 - 300 seconds) before pressing. The resulting membranes were 
removed from the backing. 
Membrane electrode assemblies (MEAs) were prepared by hot pressing a 
commercial state of the art gas diffusion electrode containing 0.1 mg cm-2 of 
platinum onto both sides of the membrane. A further carbon cloth flow field (to 
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maximise gas transport) was applied to the electrodes. The complete MEA was 
located into a single fuel cell test facility (Kindly loaned by Intelligent Energy) 
which enabled control of gases, temperature, humidity, polarisation of the MEAs 
and data acquisition by a computer. 
The MEAs were then subjected to a pressure of 20 Barg with Nitrogen on only I 
side of the cell to test for flaws in the membrane. The MEAs were then gradually 
humidified by first polarisation at small current densities, then gradually 
increasing the current density until an optimum was achieved. The polarisation 
curves presented were achieved at a temperature of 50°C and hydrogen and 
oxygen gas pressures of 10 Barg. 
A2.2 Results and Discussion 
Figure A2.1 shows the comparative polarisation curves for an MEA fabricated 
with a Nafion 112 membrane and an MEA fabricated with a membrane produced 
by hot pressing Nafion-H powder as described in section A2.1 which was 9 
thousandths of an inch thick. Inspection of this data reveals a significantly higher 
potential at the current densities applied for the MEA made with commercial 
Nafion 112 membrane. However, when the ohmic losses due to the difference in 
thickness are taken into account then the results are very encouraging. 
The membrane hot pressed from protonated Nafion powder has been shown to 
behave as well as the commercial membrane. It has also shown excellent 
mechanical strength when subjected to the unequal pressurisation during the 
initial set-up of the fuel cell test facility. 
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Figure A2.1: Polarisation Curves for Nafion 112 MEA and Pressed 119 MEA 
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